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ABSTRACT 
 
Ontario greenhouse operations offer the ability to provide safe, local produce year-round. 
However, energy consumption associated with this service, as well as limited light 
intensity during winter months, is a significant problem. For this reason quantum dot 
(QD) nanoparticles and silica aerogel (SA) granules were investigated as potential filler 
materials for the enhancement of the optical and thermal properties of poly (ethylene-
vinyl acetate) (EVA), a common greenhouse plastic, for the concurrent goals of 
increasing biomass production and reducing energy consumption in greenhouses. 
 
The QDs, synthesized by colloidal chemistry using a single-molecular precursor method, 
along with commercial SA particles were integrated into EVA films by melt mixing the 
particles with the plastic in a mini-compounder. The resulting blends were extruded and 
pressed into thin films using a Universal Film Maker and a Carver hydraulic press. The 
experimental films were aged in an accelerated artificial weathering chamber to examine 
the effects of prolonged exposure to sunlight, heat and moisture. The new and aged films 
were characterized in terms of their optical, thermal, and material properties and the 
results were compared to commercial greenhouse films. 
The films produced using QD nanoparticles displayed improved optical performance with 
decreased light transmission in the UV range, and increased transmission in the visible 
region. The SA films showed improved infrared retention above the performance of the 
commercial thermic plastics without compromising visible light transmission. However, 
increasing the SA concentration did not improve thermal conductivity, attributed to the 
EVA polymer infiltrating the pores of the aerogel. The experimental films were found to 
experience more severe chemical and physical aging in comparison to commercial films, 
however, the QDs incorporated in the experimental films provided some protection from 
oxidation, and the SAs slowed the progression of degradation effects. 
	  
Key Words: greenhouse films, ethylene-vinyl acetate, quantum dots, silica aerogels, 
artificial weathering 
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CHAPTER 1: INTRODUCTION  
 
North American consumers demand high quality produce, fresh fruits and vegetables that 
are disease, insect and blemish free. Commercial greenhouse operations offer the ability 
to meet this demand, providing safe, local produce year-round.1 The Ontario greenhouse 
industry has seen steady growth in recent years, generating nearly $4 billion annually.4 
Growers have created a local economic cluster of 1,190 greenhouses located across 
Southern Ontario, with a total production area of approximately 13, 048 000 m2. The 
largest of these clusters can be found in the region of Essex County, where 90% of 
operations are dedicated to vegetable production of tomatoes, cucumbers and peppers.2,3 
Despite the impressive scale of these operations, energy consumption remains a 
significant problem for large-scale commercial greenhouse operations. With water and 
heat as the two main contributors, high-energy consumption is currently the largest 
drawback associated with industrial greenhouses, both environmentally and 
economically. As a result of increasing energy costs and rising environmental concerns, 
new innovations are imperative in order to continue to grow and expand this industry in 
Ontario to create an economically and environmentally sustainable solution to the 
growing food demand.  
 
In an attempt to reduce operational costs and environmental impact, a number of 
sustainable growing practices are often implemented. These include the elimination of 
soil and soil related issues, decreasing the use of chemicals, pesticides, and water, and 
reducing greenhouse gas emissions. For example, Ontario greenhouse crops are primarily 
grown hydroponically using bagged nutrient systems. Using these systems optimal 
amounts of required nutrients and water are delivered directly to the roots, providing 
better nutrient supply while reducing waste. The water can then be recaptured, recycled, 
sterilized, and re-circulated multiple times.4,5 This allows for better crop management 
resulting in double the crop yield. Without soil, there is a shorter turnover time between 
agricultural seasons and the need to use harmful chemicals and herbicides for soil 
fumigation,4 root zone sterilization and weed control is eliminated, reducing the potential 
for chemical run-off to contaminate nearby ground water.5 Additionally, the land 
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occupied by the greenhouse is not subject to soil nutrient removal, which prevents soil 
fertility destruction and erosion.4,5 To reduce pesticide use, which improves the safety 
and nutritional quality of the crop1,  “beneficial insects” are intentionally introduced into 
the greenhouse environment in order to naturally control pest populations and stimulate 
healthy plant growth. Air entering the greenhouse is often filtered to exclude any pests or 
parasites.4,5 Year-round greenhouse operation extends the agricultural season of the plant 
allowing the production of 20 to 30 times more yield per acre than conventionally grown 
field commodities.5 This also provides local access to out of season fruits and vegetables, 
decreasing the distance over which food must be transported for consumption in Ontario. 
The measurement of fuel required to move food from the producer to the consumer is 
known as ‘food miles’. By decreasing food miles the use of fossil fuels for transportation 
is reduced, helping to mitigate carbon emissions. Although these practices help to reduce 
environmental impact and operational expenses, they do little to reduce the consumption 
of energy (for heating) caused by heat loss. Therefore, advancements in greenhouse 
material technology and greenhouse design are necessary in order to further the 
sustainability of this important industry.  
 
Although sustainable operations are an important target, the resulting product must meet 
the demand of the consumer. Fruit and vegetable quality is defined by several attributes, 
properties, and characteristics, the most important of which are: appearance (shape, size, 
colour, absence of defects), texture (firmness), flavor, behavior (ripening, shelf life, 
shipping resistance) and nutritional quality.1 Careful control of the greenhouse 
environment (temperature, light intensity, humidity, pesticide/herbicide use) is essential 
for the production of high quality produce. The selection of greenhouse structure and 
covering material (i.e glass vs. plastic) can have a large impact on the microclimate 
within the greenhouse by influencing important factors such as temperature and solar 
radiation levels.1 Therefore, through new developments in greenhouse cladding materials 
that focus on improving the optical and thermal performance of the greenhouse, both 
goals could be achieved simultaneously. 
 
The development of innovative plastic greenhouse covers has led to many significant 
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advances in greenhouse material technology. Plastic has specific advantages in the 
greenhouse industry because it is more flexible, lighter, and easier to manipulate in 
comparison to glass,6 making it the preferred covering material for Ontario’s commercial 
greenhouse operations.2 In addition to having lower production costs, plastic films often 
possess better thermal insulating properties than glass, lowering energy costs associated 
with heating.7 The material properties of polymers typically used as greenhouse covers 
allow for the easy incorporation of additives and stabilizers. The result is a range of 
specialized commercially available products boasting a variety of benefits and 
applications including condensation control, infrared retention, light diffusion, and flame 
retardant capabilities.8,9,10,12,13  
Light and heat are two of the most important environmental factors affecting plant 
growth, making the enhancement of the optical and thermal properties of greenhouse 
plastics extremely important. Light acts not only as the main source of energy, but also as 
a key source of information providing cues that influence the chemical, reproductive and 
growth processes within the plant.7 As a result, during the winter months when light 
intensity is limited, crop quality may be compromised.1,13 Therefore, manipulation of the 
light environment provides the potential for controlling plant growth, development, fruit 
production and quality. Enhancing the available light could increase the rate of 
photosynthesis during winter months and improve crop quality year-round in order to 
meet increasing market demand for high-standard fresh fruits and vegetables. 
Recent studies have demonstrated that by using artificial light sources to irradiate 
greenhouse crops an increase in leaf photosynthesis rates can be achieved, as well as 
improvements to plant growth and development resulting in greater fruit yield of superior 
quality.1,15 The most successful of these experiments used light emitting diodes (LEDs) to 
provide combinations of red, blue and far red light, in order to target the specific 
wavelengths of light required for fundamental plant growth processes.11,46 Unfortunately, 
this form of spectral light manipulation is far too energy intensive and expensive for 
commercial operations, creating a need to investigate alternative methods for providing 
an increase in these types of light combinations. 
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Quantum dot nanoparticles show great promise for this application. Defined as small, 
semiconducting nanocrystals, quantum dots have the ability to absorb ultraviolet 
radiation from the sun, and emit longer wavelength lights, which are more favorable for 
plant growth.41 QDs can be joined with polymers to produce nanocomposites40,46 with the 
potential for enhancing the optical properties of greenhouse films, adjusting the naturally 
available light spectrum by providing additional red and blue wavelength lights without 
additional electricity input. 
 
Some commercially available greenhouse films are specifically designed to block 
infrared radiation. These films absorb and re-radiate energy released by objects in the 
greenhouse, helping to reduce energy consumption.12 The minimization of heat loss also 
allows for more stable temperature control within the greenhouse, producing plants with 
greater biomass and fruit development. The end result is earlier, more abundant, harvests 
of better quality.13,14 It also allows for improved control of humidity levels, reducing 
water loss through evaporation.5 Unfortunately, thermal insulating plastic films that 
reduce heat loss also tend to inhibit the transmission of visible light through the film.15 
Therefore, further developing the insulative properties of greenhouse plastics without 
reducing the optical performance is crucial for increasing biomass production while 
reducing energy consumption. 
 
Towards this goal, silica aerogels show potential for enhancing the insulating properties 
of greenhouse films. An aerogel is a highly porous, nanostructured material with a high 
surface area and extremely low thermal conductivity.51 Silica blocks infrared radiation 
and is transparent, non-toxic and compatible in a variety of environments.16 Although 
challenging due to it’s porous nature, silica aerogels can be incorporated into polymer 
systems making them an excellent candidate for improving the thermal properties of 
greenhouse plastics without reducing light transmission. 
 
Despite the many commercially available greenhouse films, the science of light and heat 
manipulation for biological control and growth optimization of greenhouse crops is still 
poorly understood. There are presently a number of unanswered questions regarding how 
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heat and light selective films can be utilized to reduce energy consumption caused by 
heat loss and facilitate the growth of greenhouse crops in Ontario. This thesis investigates 
the use of light and heat selective nanostructured particles, specifically QDs and SAs, as a 
means for improving the optical and thermal properties of greenhouse plastics through 
their incorporation into EVA films as composite fillers.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1	  Plant	  Development	  
 
2.1.1 The Role of Light in Plant Development  
 
The light environment of a plant is made up of several regions of the electromagnetic 
spectrum, shown in Figure 2 - 1, specifically ultraviolet, visible, and infrared radiation.  
 
 
Figure 2 - 1: Ultraviolet, visible and infrared light in the electromagnetic spectrum. 
Adapted from17 
 
Light provides both energy and information required for plant growth.  As a stationary 
organism, plants cannot choose their surroundings; they must modify their growth and 
development according to prevalent local conditions.  For this reason, plants have 
evolved sophisticated sensory mechanisms that monitor the surrounding environment 
perceiving light signals using a variety of photoreceptors, including red and far-red 
absorbing phytochromes, UV-A absorbing cryptochromes, and blue absorbing 
phototropins. In addition to availability, plants also respond to the quantity, quality and 
frequency of light, using the information within feedback networks to moderate chemical 
and physiological processes associated with growth and reproductive development.17  
 
Through the process of respiration plants convert carbohydrates into energy required for 
survival and healthy development.18  
 
γ rays X-rays UV IR Microwave FM AM Long radio waves 
Increasing Energy 
Increasing Wavelength (nm) 
Visible Light 
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𝐶!𝐻!"𝑂!   +   6𝑂!  −>   6𝐶𝑂!   +   6𝐻!𝑂  +   𝐸𝑛𝑒𝑟𝑔𝑦   (2-1) 
 
 Photosynthesis is the process by which plants synthesize these organic compounds 
(carbohydrates) from inorganic raw materials in the presence of sunlight, which requires 
light in the visible spectrum of 380-720 nm, also known as photosynthetically active 
radiation (PAR). The chemical process involves the conversion of carbon dioxide and 
water to oxygen and carbohydrates.18  
   6𝐶𝑂!   +   6𝐻!𝑂  +   𝐸𝑛𝑒𝑟𝑔𝑦  −>   𝐶!𝐻!"𝑂! +   6𝑂!  (2-2)  
 
The photosynthetic rate of this reaction is directly influenced by both the intensity and 
quality of available light.18 Figure 2 - 2 provides an example of the typical relationship 
between light intensity and photosynthetic rates for C3 plants (named for the carbon 
fixation pathway used during photosynthesis), such as tomatoes, cucumbers and peppers 
under standard environmental conditions of temperature and CO2 concentration.18  
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - 2: Relationship between light intensity and the rate of plant 
photosynthesis at standard temperature and CO2 concentration. Adapted from18 
 
At low light intensities, which are frequent during winter months in the Ontario climate, 
the rate of photosynthesis increases linearly as light intensity increases.  When the light 
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saturation point of the plant is reached the rate of photosynthesis will no longer increase 
without varying other environmental factors such as temperature or CO2 concentration.18  
In addition to their affect on photosynthetic rates, low levels of solar radiation can 
negatively impact the quality of fruit production. For example, tomato fruit dry matter 
content is related to fruit size and total sugar content, which influences the taste and 
overall flavor of the tomato.1 At low light intensity, tomato fruit dry matter production is 
reduced affecting the quality of the fruit as a result of insufficient sugar content. High 
values of solar radiation have also been shown to have a positive effect on the 
accumulation of major antioxidant components of a tomato, improving the nutritional 
quality.1 Therefore, enhancing the available light in a greenhouse could increase the rate 
of photosynthesis during winter months and improve crop quality year-round in order to 
meet increasing market demands. 
Chlorophyll, the characteristic green plant pigment contained in the chloroplast where 
photosynthesis occurs, is responsible for absorbing the light required for 
photosynthesis.18 Chlorophyll a is the primary photosynthetic pigment used in 
photosynthesis process. Chlorophyll b is an accessory pigment used to transfers absorbed 
light energy to chlorophyll a for use in photosynthesis. In higher plants such as tomatoes, 
cucumbers and bell peppers, a second accessory photosynthetic pigment, known as 
carotenoid, is also present.18 The typical absorption spectrum of chlorophyll a, 
chlorophyll b and carotenoids can be seen in Figure 2 - 3 
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Figure 2 - 3: Typical absorption behaviour of chlorophyll a, chlorophyll b and 
carotenoids. Adapted from18 
 
When light from the sun reaches a plant leaf, where the photosynthetic apparatus and 
chloroplast are found, the blue, orange, and red wavelengths are absorbed by chlorophyll 
a, chlorophyll b, and the carotenoids. Most of the green, yellow and far-red wavelengths 
are transmitted, giving plants their characteristic green colour.18  This provides a target 
for spectral light manipulation in order to influence the rate of photosynthesis in Ontario 
crops of interest.  
 
In addition to its necessity for photosynthesis, certain regions of the PAR spectrum have 
been found to influence specific stages of plant development,13 known as the process of 
photomorphogenesis.12 For example, blue light (450-475nm) is particularly important to 
the primary phases of plant life as well as the blooming process.19 It affects chlorophyll 
formation, promotes dry matter production and inhibits cell elongation creating thick 
leaves, strong stems and dense vegetation.9 Red light (620 – 720nm) is fundamental to 
essentially all phases of plant development. It induces germination and assists with root 
development, flowering and fruit production.19,20 The far-red region (720 – 750nm) of the 
electromagnetic spectrum provides thermic effects, promoting the ripening of crops.13 
Combinations of a wide spectrum of light, including blue, red and far red light, are 
necessary for other functions of photomorphogenesis in order to regulate the shape, 
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colour, and flowering of plants.12 
Light outside the visible region also influences the plant. Although a component of UV-A 
light is important to plant processes, much of the ultraviolet component of solar radiation 
(200-380nm) has been shown to degrade crops, 13,46 and support harmful insect behavior 
causing damage to crops.12,13 Insects have different optical photoreceptors for different 
bandwidths of light. Wavelengths in the UV region encourage specific insect behaviours 
such as orientation, navigation, host finding and feeding. Furthermore these pests and 
parasites can act as vectors for several harmful viruses. UV blocking commercial 
greenhouse plastics have shown that by filtering out much of the UV component from the 
plant’s light environment will modify the insect’s vision to prevent crop damage from 
pests and their diseases.13,21 
 
 
2.1.2 The Role of Heat in Plant Development 
In addition to light, temperature is another significant environmental factor for plant 
growth and plays an important role in plant development. Plants have optimal soil, root, 
leaf expansion, flowering, and stem elongation temperatures essential for successful 
development and biomass production.22 Typical optimal temperatures for Ontario crops 
of interest range between 22 and 28°C during the day, and 15 to 20°C at night. The crop 
yield and quality is normally affected when temperatures drop below 12°C, or above 
30°C.1 Fruit production of optimal quality and abundance relies on several consecutive 
days of stable optimal nighttime temperatures. Temperature variations can severely affect 
plant physiology. There are direct and delayed effects caused by temperature fluctuation 
on the early stages of growth, during the plant’s maturity, and on the dormant stages of 
plant development as well as on the morphological and physiological processes.22 
During photosynthesis, temperature affects the rate of reaction at high light intensities, 
demonstrated in Figure 2 - 4.  
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Figure 2 - 4: The effect of temperature on the rate of plant photosynthesis at 
constant light intensities and CO2 concentrations. Adapted from18 
 
At low light intensities the photosynthetic rate is unaffected by temperature, however at 
high light intensity the rate of photosynthesis is greater at 25oC than at 15oC.18 At low 
levels of solar radiation the rate of photosynthesis will be limited by the light dependent 
reactions, however at high light intensity the light independent reactions will become the 
limiting step. The chemical processes involved in the light independent reactions used for 
carbon assimilation are catalyzed by temperature sensitive enzymes.18,22 An increase in 
temperature will result in an overall increase in the rate of this reaction until the enzymes 
reach their optimum temperature. Beyond this point the rate will begin to decrease as the 
enzyme is denatured.18,22 Allowing temperatures to reach extremes can affect the quality 
of fruit production. For example, a high temperature environment can limit the acidity 
content in tomatoes, negatively influencing their taste and flavor.1 This results from 
changes in the dry matter content of the fruit. Therefore, the importance of temperature 
on a plant’s responses and ensuing development makes controlling heat and temperature 
fluctuations within the greenhouse critical for optimum biomass production and quality 
control. 
Stable temperatures within the greenhouse also allows for better control of relative 
humidity. Slight variations can have detrimental effects on plant development. For 
example, relative humidity between 75-85% has generally been shown to accelerate the 
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rate of photosynthesis, however a minor increase to 90% relative humidity decreases the 
photosynthetic rate by causing the stomata, which are small pores in the stem and leaves 
that control the transfer of gases to close. Similarly, under lower relative humidity 
conditions, the plant may experience increased levels of transpiration, excessive loss of 
water by evaporation through the stomata, which typically reduces the photosynthetic rate 
as a result of water stress.23 Poor control of humidity levels can negatively affect plant 
development as well as increase energy consumption and water waste. 
 
2.2	  Commercial	  Greenhouse	  Films	  
 
2.2.1 Plastic Materials and Additives  
 
Plastic is the most common greenhouse covering material used in Ontario.2 Nearly all 
available greenhouse plastics used in today’s market are co-extruded films consisting of 
several polyethylene (PE) and ethylene-vinyl acetate (EVA) layers.7,13 These multilayer 
films are composed primarily of less expensive PE, with layers of more expensive EVA 
ranging from 4-12% vinyl acetate (VA) content by weight.7,13 EVA copolymers exhibit 
intermediate properties between the two homopolymers, polyethylene and poly (vinyl 
acetate), from which it is made depending on the proportion of each present in the 
sample.24 Relevant material properties of EVA are shown in Table 2 - 1. 
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Table 2 - 1: Material Properties of Ethylene-Vinyl Acetate Copolymer. 25,26 
Property Units Conditions Value 
Structure  Structure of random EVA co-polymer 
 
Major 
Applications  
Film extrusion, packaging, wire and cable 
insulation, adhesive coatings and 
compounds 
 
Properties  Flexibility and toughness, excellent adhesion, stress crack resistant  
Appearance  Clear to white solid, in pellet granular or powder form  
Density gcm-3 ASTM D792, for 9-28% VA 0.93-0.95 
Melting point oC 9-28% VA 65-115 
Decomposition 
Temperature 
oC Estimated for 9-28% VA >300 
Brittleness 
Temperature K ASTM D746 for 9-28% VA >197 
Tensile Strength 
at Break MPA 
ASTM D638 9% VA (melt index 2.2 g/10 
min) 13.9 
Elongation at 
Break % 
ASTM D638 9% VA(melt index 2.2 g/10 
min) 740 
Thermal 
Conductivity 
W/m-
K For 9% VA 0.1224 
 
The addition of the EVA component to greenhouse plastics enhances the material, optical 
and thermal properties of the film. It improves the transparency, flexibility and toughness 
of the plastic7,27,28 while decreasing the material degradation and aging caused by 
exposure to UV light, which ultimately prolongs the lifespan of the film.7 It increases the 
optical performance of the plastic by reducing haze, allowing for higher transparency in 
the visible range.7,27 It also results in higher absorbency in the infrared range, improving 
the thermal retention and infrared efficiency of the film.7  
 
The addition of EVA to commercial greenhouse plastics has also been shown to increase 
the compatibility of the film with fillers and chemical additives.27,29 The introduction of 
these additives has led to recent developments and innovations expanding the use of 
commercial films.89 For example, light stabilizers are used to absorb UV radiation and re-
emit the energy in the form of heat, protecting the plastic. This inhibits the regular 
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polymer degradation caused by exposure to UV light, which extends the lifespan of the 
film.12,88,89 Conventional UV absorbers used in greenhouse plastics include: organic 
compounds, such as hydroxybenzoates, benzophenones, benzotriazoles and triazines, as 
well as nickel quenchers and polymeric hindered amine light stabilizers (HALS) like 
aminoxyamine or alkoxyamine.12,88 
 
Thermal additives are introduced into the plastic to improve the films infrared efficiency, 
reducing heat loss by radiation and preventing the risk of frost buildup on the film.12,14,89 
They allow the short range infrared light to be transmitted into the greenhouse, while 
reducing the outward transmission of long wave infrared radiation that is emitted back 
from the heated objects in the greenhouse.14,89 These additives include mineral silica, 
synthetic or natural silicates such as talc, mica and kaolin, calcium and calcium-
magnesium carbonates, calcium and barium sulfates, hydrotalcite hydroxycarbonates, 
alunite hydroxysulfates, and aluminum and magnesium hydroxides.12,14 
 
A common issue with greenhouse covering materials is the formation of condensation on 
the interior of the film,13,88 as shown in Figure 2 - 5. This can cause unwanted reflection, 
which reduces the amount of light passing through the film to reach the plant.  
 
 
Figure 2 - 5: Condensation behaviour on the interior surface of greenhouse films 
with (right) and without (left) anti-condensation additives. Adapted from8 
 
The drops may also act as lenses concentrating solar radiation causing damage to the 
plastic.13,88,89 If the droplets fall onto the plants it can lead to scorching, as well as 
Water droplet forms Water spreads out 
Transmitted light Transmitted light 
Reflected light 
Greenhouse film without additives Greenhouse film with anti-condensation 
Sunlight Sunlight 
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creating a healthy living environment for harmful insects and microorganisms, which can 
aid in the spread of disease.12,13,88,89 Non-ionic surfactants, esters of fatty acids and 
glycerine or sorbitan, are used as anti-condensation or antifogging agents to counteract 
the hydrophobic nature of the greenhouse plastic. This alters the surface tension of the 
film to inhibit condensation in the form of water droplets.12,89 
 
 
2.2.2 Film Properties 
 
Determining the optical behaviour of greenhouse plastics involves the measurement of 
relevant parameters such as transmittance, clarity and haze values. Light transmission 
refers to the physical process of radiation passing through a film, whereas transmittance 
is the mathematical measurement that allows this process to be quantified. 12 
 𝑇! = !!!   ×  100           (2-3) 
 
In Eqn. (2-3) Tt is the percent of total transmitted light through the film obtained by 
measuring the ratio of transmitted light intensity I, to incident light intensity I0. Total 
light transmittance is made up of specular (or direct) transmittance Ts, and diffuse 
transmittance Td. Diffuse transmittance measures the light that is scattered due to 
porosity, imperfections, or particle inclusions within the film. Direct transmittance refers 
to the portion of light that is unaffected by these irregularities.30 Figure 2 - 6 demonstrates 
direct transmittance, diffuse transmittance, and total transmittance through a thin plastic 
film. 
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Figure 2 - 6: Direct light (top), diffuse light (center) and total light transmission 
(bottom) through a thin film. 
 
Diffuse transmittance can be further broken down into haze, the measure of wide-angle 
scattering, and clarity, the measure of narrow angle scattering. Haze refers to increased 
cloudiness or a loss of contrast, whereas clarity causes the detail of an object to become 
compromised when viewing it though the film. High haze values signal greater light 
diffusion and result in lower clarity. In plastic covering materials, the scattering of light 
has been shown to increase as a result of surface roughness and the addition of particles 
or fillers resulting in higher haze values.31 Diffused radiation is important to greenhouse 
environments, providing more uniform distribution of light to plants.8,31,89 Haze can be 
quantified by measuring the ratio of diffuse transmittance to total transmittance.30  
𝐻 = !!!!   ×  100  %            (2-4) 
Direct	  Transmittance	  
Incident Light I0 Direct Light 
Diffuse Light 
 
	  Diffuse	  Transmittance	  
Incident Light I0 
	  	  	  Total	  Transmittance	  
Incident Light I0 Transmitted Light 
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For determining the thermal insulating abilities of greenhouse films, relevant parameters 
include the measurement of thermal conductivity, infrared absorbance, and thermicity 
values. Thermal conductivity is defined as the rate of steady state heat transfer through a 
material induced by a temperature gradient in a direction perpendicular to the surface 
area, expressed in W/m-K.32 Thermal conductivity is indicative of a materials ability to 
conduct heat.33 Plastics fall into the intermediate category (0.15-0.40 W/m-K) of thermal 
conductivity, with values higher than typical insulating materials, but approximately five 
times less conductive of heat in comparison to glass.33  
Thermal conductivity measurements for polymer films can be determined using a simple 
transient temperature system based on the method and apparatus previously described by 
Lee.34 In this technique, the polymer film sample is placed between a large heated and a 
smaller unheated aluminum block, as shown in Figure 2 - 7. 
  
 
Figure 2 - 7: Experimental set-up for thermal conductivity measurements of thin 
polymer films. Adapted from34  
 
To improve the thermal contact between the film sample and aluminum blocks, a 100g 
insulated weight is placed on top of the unheated block. The size of the heated plate must 
be made large enough to ensure that the heat capacity of the source is sufficient to 
maintain the heated block at a constant temperature, T1, using a temperature controller. 
The unheated block and film are initially at room temperature, T0.  
 
For this system the following assumptions can be made: the internal resistance of the 
Weight 
Thermocouples 
Unheated Block 
Film  
Heated Block 
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block is negligible (confirmed through calculation of the Biot number), the main path of 
heat transfer is axial in direction (from the axial contact area vs. the radial area), and the 
film itself has a negligible total heat capacity compared to that of the blocks (thin 
polymer film vs. larger metal blocks). The blocks are treated as lumped sum systems 
reducing the heat transfer problem from a transient three-dimensional PDE into a one-
dimensional ODE in time.  
 
By solving the transient heat balance ODE with the appropriate initial conditions, 
factoring in heat losses from the heated plate to the surrounding environment, and re-
arranging in terms of scaled process-time vs. film thickness, the following relationship 
can be obtained:34   
 
!!!! 1+ !!!!!!!!!! =    !!!! +   𝑅!       (2-5) 𝑦 = 𝑚𝑥 + 𝑏         (2-6) 𝑦 =    !!!! 1+ !!!!!!!!!!       (2-7) 𝑥 = 𝐿         (2-8) 𝑚 = !!!!         (2-9) 𝑏 =   𝑅!          (2-10) 𝜏 =    !! !  !" !          (2-11) 𝜏! ! = 𝑡𝑖𝑚𝑒  𝑤ℎ𝑒𝑛  𝑇! − 𝑇! = !!!  !!! !        (2-12) 
 
where T1 is the initial temperature of the heated bock, T0 and T∞ are the initial and final 
temperatures of the unheated block, respectively, L is the thickness, A0 is the cross-
sectional area of the film, m is the mass, Cp is the heat capacity of the unheated block, R0 
represents the zero-thickness resistance of the system and k is the thermal conductivity. 
By measuring the dynamic response of temperature vs. time and determining the time-
constant of the unheated block to reach steady-state, as well as the difference between the 
final temperature of the initially unheated block and constant temperature heated block, 
the thermal conductivity of the polymer films can be determined through fitting the 
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scaled-time constant vs. film thickness to a linear relationship.  The term 
accounts for thermal losses to the surrounding environment. 
 
In addition to conduction, heat transfer occurs through the mechanisms of convection and 
radiation. Much of the heat lost from a greenhouse can be attributed to radiant heat loss 
through the covering material from warm plants and objects in the greenhouse to the cool 
night sky. Infrared absorption measures the opacity of a material to infrared radiation.35 
Absorption can be quantified using a modified Beer-Lambert’s Law to describe the 
fraction of light being absorbed by the material:36  𝐴 = 𝑐𝜀𝑙                                                      (2-13) 
where 𝐴 is the light absorbed by the material, c is the molar concentration of the 
absorbing species in the material, ε is the molar absorptivity or the extinction coefficient 
of the absorber, and L is the film thickness. Figure 2 - 8 shows a schematic of light being 
absorbed by a thin film. 
 
Figure 2 - 8: Light absorption by a thin polymer film. 
 
The relationship between transmittance Tt and the absorption is given by: 36 
𝐴   = log!" 100−    log!" 𝑇!   =   − log!" !!!     (2-14) 
Combining the Beer-Lambert Law and the relationship between absorbance and 
transmittance demonstrates the exponential correlation between film thickness and the 
degree of absorption: 
T1 −T∞( ) T∞ −T0( )
     Non-Absorbed Light I        Incident Light I0 
      Absorbance 
  c,ε  
 
      L 
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!!! = 10!!"#         (2-15) 
Thermicity is a parameter used to characterize thermal greenhouse plastics, defined as the 
quantitative determination of heat radiation lost through a film.14,37 It is a measurement of 
the films infrared efficiency, where lower thermicity values indicate a greater efficiency 
at blocking IR transmission, resulting in lower heat losses. Thermicity is expressed as a 
percentage using the ratio of transmitted infrared radiation through the film in the mid-
infrared range to the maximum transmitted infrared radiation in this region.37 
 𝑇 = ! !! !"!"##!"" !"!"##!""   𝑥  100%   = !!!!""     𝑥  100  %                (2-16)           
 
In Eqn. (2-16), T is the thermicity of the film, AT is the calculated area under the 
transmittance curve from 700 to 1400 cm-1, and A100 is the area in this region in the case 
of 100% transmittance.37 
 
Thermal material properties of greenhouse films are also important, specifically the 
melting temperature, Tm, and the heat of fusion, Hf.  Identifying the melting temperature 
is performed using different areas of the thermal curve, depending on the type of 
material. For example, in the case of indium- a common reference material, the melting 
temperature is identified as the onset of the melting peak. However, in the case of 
polymer materials the melting point is identified as the peak temperature on the thermal 
curve.33 Melting is an endothermic reaction that absorbs energy. The heat of fusion is 
defined as the amount of energy per unit mass needed to change a substance from a solid 
to a liquid at its melting point.  
 𝐻! =    !!          (2-17) 
 
where 𝑄  represents the heat added to the system and 𝑚 is the mass of the sample. The 
heat of fusion can be determined by calculating the change in enthalpy, ΔH, represented 
by the area under the melting curve.33 
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When working in plastic design it is important to consider the failure behavior of the 
material.38 Relevant mechanical properties of greenhouse plastics include: flexibility or 
stiffness, strength, and toughness. These properties help protect against environmental 
influences such as wind, hail, and snow loads, and ultimately determine the effective 
lifespan of the plastic film.7 These values can be established using tensile tests to 
determine the elastic modulus E (Young’s modulus), stress σb and strain εb at break, 
maximum force Fmax, and deformation at break sb.7, 38 
 
During tensile testing a sample is subjected to uniaxial tension until failure.  The applied 
force, or load, is recorded versus the extension, or elongation, of the sample:39  
 𝜀! =    !!!!!!! =    ∆  !!!               (2-18) 
   𝜎! =    !!!         (2-19) 
 
where 𝜀! is the engineering strain, 𝐿! is the original sample length prior to applying a 
load, L∞ is the sample length after failure, and ∆  𝐿 is the cumulative change in length.  𝜎! 
represents engineering stress, calculated as the ratio of applied force F to the original 
cross sectional area A0. These parameters are calculated continuously as the force 
increases using the data to generate a stress-strain curve, as shown in Figure 2 - 9.39 
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Figure 2 - 9: Typical stress-strain curve for a thin polymer film. Adapted from7 
 
The elastic modulus E gives an indication of a film’s stiffness.39 It is defined as the ratio 
of stress to strain in the region of stress where Hooke’s law applies. It can be calculated 
experimentally using the stress-strain curve by measuring the slope in the initial region 
where the relationship between stress and strain is linear.39, 38 
 𝐸 =    !!!! =    ! !!∆  !   !! =    !  !!!!  ∆  !       (2-20) 
 
The stress σb and strain at break εb can also be measured from the stress strain curve as 
indicated in Figure 2 - 9.  
 
From the tensile data a second corresponding plot can be made demonstrating the 
relationship between load and sample displacement.7 From this plot the maximum force 
Fmax and the deformation at break sb can be determined, as seen in Figure 2 - 10. 
 
 
 
 
 
𝐸 =   𝜎!𝜀!  
εb 
σb 
Strain (%) 
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Figure 2 - 10: Typical load-displacement curve for a polymer film. Adapted from7 
 
 
2.2.3 Film Class 
 
Commercial greenhouse covering materials posses a range of characteristics and 
properties targeted to specific spectral transmittance and energy functions.12,13 Based on 
the important optical and thermal properties outlined above, there are three main classes 
of greenhouse films commonly used in the Ontario market, referred to as direct light, 9 
light diffusing,8,31 and thermic films,10,14 as shown in Figure 2 - 11. 
 
	  
	  
	  	  	  	  	  	  	  	  
 
 
 
Figure 2 - 11:  Properties of a) direct light, b) light diffusing and c) thermal 
commercial greenhouse plastics. 
 
Direct light films, depicted in Figure 2 - 11a, are characterized by high light transmission 
a) Direct Light b) Light Diffusing c) Thermic 
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and clarity with low haze values in order to allow for maximum light transmission of 
PAR light required for photosynthesis.9,14  
 
Light diffusing plastics, shown in Figure 2 - 11b, split the light passing through the film 
into direct and diffused light. Using haze values as a means of controlled diffusion, these 
films scatter light evenly throughout the greenhouse.8,31,89 As a result, crops receive more 
uniform light exposure lessening the intensity of direct heat on the plant’s canopy, 
reducing scorching and shadowing of neighboring plants.8,31,89 Increasing the amount of 
diffused light has been shown to have beneficial effects on the photosynthetic rate and 
quality of harvest.31 Unfortunately, highly diffusing films typically result in lower values 
of transmitted light, which is problematic in certain climates, specifically during winter 
months and cloudy days.13,31 
 
Thermic films, seen in Figure 2 - 11c, contain thermal additives allowing them to absorb 
significantly more infrared radiation. This reduces the transmission of radiant heat from 
heated objects inside the greenhouse into the cool night air, instead re-radiating the heat 
back inside the greenhouse creating a warmer atmosphere than when using non-thermal 
films without additional heat input.8,13,14 Unfortunately, these additives tend to inhibit the 
visible light transmission through the film, lowering the transmittance values of the 
films.12  
 
Much effort is being directed towards the development of greenhouse plastics with 
optical properties that enhance the available light spectrum to increase plant growth and 
development.12 New plastic films containing florescent dies have been shown to shift UV 
radiation to blue light (clear films) and green light to red light (orange films).6,12 
Although some experimental and pre-commercial films are available on the market the 
high cost, reduced light transmission, and low levels of increased solar radiation have 
limited their current use.12 
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2.3	  Quantum	  Dots	  
 
2.3.1 Bare Quantum Dots 
 
Quantum dots (QDs) are small, semiconducting nanocrystals typically synthesized from 
inorganic group II and VI elements such as Cd, Zn, S, Se, and Te. Each ‘dot’ is made up 
of a few hundred to a few thousand atoms, resulting in nano-sized particles that possess 
unique optical properties.40-46,69 When QDs are exposed to a light source, they absorb 
light below a given wavelength, causing them to reach an excited state. In this excited 
state they emit a fraction of the absorbed light in a region of lower energy, corresponding 
to higher wavelengths.41,46 QDs absorb light at all wavelengths shorter than their 
emission wavelengths, allowing for multiple colors of QDs to be effectively excited by a 
single source of light, such as natural sunlight.41,78  
 
Semiconducting materials, used for the fabrication of QDs, are characterized by a filled 
band, known as the valence band, and an empty band, called the conduction band.40 An 
important parameter of these materials is the width of the energy gap that separates the 
highest valence and the lowest conduction band, referred to as the energy band gap (Eg).42 
When the semiconductor is irradiated with photon energy an electron is transferred from 
the valence band to the conduction band, leaving what is known as an electron hole in the 
valence band. The combination of the produced electron-hole pair results in an 
exciton.40,78  In bulk semiconductors of macroscopic size, the width of the band gap is a 
fixed parameter characteristic of the respective material,42 typically ranging in value from 
0.01 to 3.0 eV.43  
 
Quantum dots typically range from 1-10nm in dimension.40 Nanoscale semiconductor 
particles of this size range experience what is known as ‘quantum confinement effcets’  
for which particle excitations experience the presence of the particle boundaries, 
confining them in space. 42 In turn, the nanomaterials respond to the change in particle 
size by adjusting their energy spectra.42 The quantum confinement effect is further 
defined by an increasing band gap compared to that of the bulk material, accompanied by 
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quantization of the energy levels to discrete values.40,67 The reduced particle size causes a 
split in the energy levels creating a higher band gap than that of the bulk material.40 As a 
result of this effect, these unique materials possess structural properties that lie between 
that of the individual atoms and the bulk material, which dramatically alters their 
physical, chemical, and most importantly, optical properties.40,42  
 
Therefore, unlike the bulk material, the optical properties of QDs, such as the absorption 
and emission behaviour, relies on the crystal dimensions of the particles.40,46,64,70 These 
properties are dictated by the respective energy band gap of the individual QD. 40,46,64,70 
The band gap is determined by the size of the particle and the type of materials used and 
can be estimated as follows:40,45 
 𝐸! =   𝐸!!"#$ + !!!!!    !!!∗ +    !!!∗ −    !.!!!!!∈∈!!     (2-21) 
 
where 𝐸!!"#$ is the band gap energy of the bulk material (2.45 eV for CdS), ℎ represents 
Planck’s Constant (6.625x10-34 J s), 𝑟  is the particle radius, 𝑚!∗  and 𝑚!∗  are the mass of an 
electron in the conduction band, and an electron hole in the valence band of the solid 
material, respectively, e is the charge of an electron (1.602x10-19 C), and ∈ and ∈! are the 
relative and free permittivity, respectively.40, 45  
 
Quantum confinement plays a key role for the determination of the size-dependent 
properties of the semiconductor nanocrystals.66 As the size of the quantum dot decreases, 
the energy band gap increases, creating a greater difference in energy between the highest 
valence and the lowest conduction band,41,42 as shown in Figure 2 - 12.  
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Figure 2 - 12: Increasing energy band gaps for quantum dots of the same material 
composition with decreasing particle size from left to right. Adapted from40 
 
Quantum dots with large energy band gaps require more energy to reach an excited state 
and will release higher energies versus those with smaller band gaps.41 This translates to 
a blue shift in both the absorption and emission wavelengths,42 as shown in Figure 2 - 13.  
 
 
Figure 2 - 13: Red shifts to lower energies in the absorption and emission behaviour 
for quantum dots of the same chemical composition with increasing particle size 
from left to right. Adapted from40 
 
Changing the type of material and size of the particle through varying reaction conditions 
such as temperature and time allows the energy band gap to be tailored to target specific 
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absorption and emission wavelengths.41,46,65,68 The tunable nature of quantum dots gives 
them the potential to target the absorption of undesirable UV radiation, which is harmful 
to healthy plant development, and the emission of more desirable, longer wavelength 
lights such as blue or red light, which promote healthy plant growth.46  
 
CdS QDs in particular display considerably different optical properties from their bulk 
semiconducting material. They are among the most important II-VI group elements that 
possess size tunable optical transitions.64 Although QD emissions can span the colour 
spectrum from to UV to the NIR light,40,78 using larger bandgap core materials, in 
particular CdS, has shown great success in obtaining emission wavelengths in the blue 
and near UV spectral regions. These regions are an important target for the enhancement 
of specific stages of plant development.67 
 
Quantum dots show many advantages over organic fluorophores, which are commonly 
used as biological sensors in medical applications and have recently been used for the 
development of greenhouse plastics with improved optical properties.6,12,41 These include 
size-tunable optical properties that allow absorption and emissions to be tailored for 
specific applications, broader excitation spectra and narrower specific emissions, and a 
greater stokes shift between the absorption and emission peaks.64 Most importantly 
quantum dots have a brighter fluorescent intensity and a greater tolerance to 
photobleaching.41,44 
 
The fluorescent intensity or ‘brightness’ of a QD is proportional to the product of the 
fluorescent quantum yield Φ! and the extinction coefficient. The fluorescent quantum 
yield is determined from the ratio of photons emitted 𝑁!", to photons absorbed 𝑁!"#, at 
the maximum excitation wavelength 𝜆!"44,  and ranges from 0-100%. 41,44 
 Φ! =    !!"(!!")!!"#(!!")         (2-22) 
 
The quantum yield decreases over the effective lifetime of the quantum dot as a result of 
photodestruction or ‘bleaching’. Continuous exposure to the light required to excite the 
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QD simultaneously degrades the particle, resulting in lower light emissions over time.41 
This process is irreversible and is heightened by exposure to high light intensity, heat, 
and moisture conditions,41 all of which are present in a greenhouse environment.  
 
Although they determine the optical properties of the nanocrystal, bare QDs alone are 
unsuitable for most applications due to their poor stability and low quantum yield.40,41 
Surface defects on the core contribute to the deterioration of the quantum efficiency by 
interfering with the absorption and emission of photons, causing an effect known as 
‘blinking’.40,41 Like all nanoparticles, QDs have a large surface to volume ratio which 
creates a high surface energy making them extremely unstable.40 This causes the 
nanoparticles to agglomerate forming clusters and larger particles that interfere with their 
ability to be incorporated into other systems, such as polymer films.40,44,46 Additionally, 
the core material and surface chemistry of the QD is often toxic and incompatible with a 
variety of materials, including plastics.40,46,69 
 
 
 2.3.2 Core-Shell Quantum Dots 
 
Highly Fluorescent core-shell quantum dots are synthesized by over coating the bare 
quantum dot ‘core’ with an additional semi-conducting inorganic material ‘shell’. 40-46,67 
Depending on the bandgap, and relative electronic energy level of the semiconductor 
materials involved, core-shell structured QDs can have different functions and properties. 
Furthermore, by selecting the correct combination of shell and core materials that result 
in an appropriate band alignment, it is possible to tune the emission wavelength in a 
larger spectral window than with either of the individual materials.67 Zinc sulfide has 
been named one of the most important shell materials for overcoating II-VI (i.e CdS 
QDs) and III-V semiconductors through the assessment of determining factors such as 
cost, environmental risk related to use and possible degradation products, and 
commercial availability showing the greatest stability of the optical properties in terms of 
protection against photodegradation and chemical inertness. The result is monodispersed 
CdS/ZnS core-shell nanocrytstals with typical emissions in the blue range between 440-
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480 nm.67  
 
In type-I core-shell quantum dots, shown in Figure 2 - 14, the shell is composed of a 
higher band gap material than that of the core, and both electrons and holes are confined 
within the core.45,67  
 
 
Figure 2 - 14: Configuration of a CdS-ZnS type I core-shell quantum dot. Adapted 
from40 
 
The goal of this type of configuration is to passivate the surface of the core, improving 
the optical properties by reducing the effects of “blinking”. It also provides a physical 
barrier, separating the surface of the optically active core from its surrounding 
environment, helping to preserve the optical properties by protecting them from the 
negative effects caused by prolonged exposure to light and water.67 
 
The core-shell structure has been shown to decrease toxicity46,67 and improve 
photostability and fluorescent quantum yield 46,67,69,70 by negating surface defects and 
making them more stable in high light environments.46,67  Furthermore, the addition of the 
inorganic shell reduces their tendency to aggregate and makes them more robust, 
improving their tolerance to processing conditions necessary for incorporation into 
polymer films.46  
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2.3.3 Quantum Dot Synthesis and Ligand Exchange  
 
Semiconductor QDs can be prepared using a variety of physical and chemical methods.42 
There are two principal approaches used for their synthesis, referred to as ‘top down’ and 
‘bottom up’ synthesis methodologies. Direct synthesis of QDs in aqueous solutions 
(bottom-up) is often easier, cheaper and more environmentally friendly than alternate top-
down approaches.65 Therefore, the bottom-up approach, involving reactions in solution 
for the formation of nanocrystals as colloids, is the more popular and widely used 
technique.40 Several variations of traditional colloidal chemistry are used for the 
preparation of quantum dots, of these methods, single-molecular precursors have been 
found to be amongst the most successful.42,46 These precursors have the advantage of 
being less toxic, insensitive to moisture and air, easier to purify, and provide highly 
mono-disperse nanoparticles that can be formed at reasonably low temperatures.46. A 
schematic of this type of reaction can be seen in Figure 2 - 15. 
 
 
Figure 2 - 15: Schematic diagram of the synthesis of CdS quantum dots using a 
single-molecular precursor. Adapted from46 
 
After synthesis, QDs are surrounded by a layer of organic ligands that dictates their 
surface chemistry and influences their behavior within certain environments.47 Due to a 
variety of potential applications such as photonics, laser light emitting devices, solar cells 
and biological sensors,41-48,64,69,70 QD conjugates are often highly complex multi-layer 
structures that will require additional processing steps to achieve.41 In addition to the 
importance of the core and shell properties of a QD, the surface layer also plays a critical 
role in successful application. Many commercially prepared quantum dots have 
hydrophilic functionalities allowing for water solubility and integration into a hydrophilic 
 32 
polymer system.41 However, this is not the case with laboratory synthesized QDs, in 
which surface ligand exchange reactions are required in order to modify and introduce 
appropriate functionality for the targeted application.47,70 
 
The functionalization of QDs with various types of ligands has been extensively studied, 
determining that the choice of capping ligand influences the effective performance and 
behavior of the QD, such as stability, brightness, and solubility.40-46,70 Coating the QD 
with the appropriate organic ligands can help prevent aggregation and chemical 
degradation, as well as improve their binding capability.46,70 A schematic diagram 
showing the ligand exchange of CdS-ZnS QDs with 3-mercaptopropyl trimethoxysilane 
(MPTMO) can be seen in Figure 2 - 16. 
 
Figure 2 - 16: Schematic diagram of the ligand exchange of the CdS-ZnS core-shell 
quantum dots with 3-mercaptopropyl trimethoxysilane. Adapted from46 
 
Functionalization with a methoxysilane thiol group, such as MPTMO, is beneficial for 
improving compatibility with polymer matrices. This bi-functional group molecule 
possesses a thiol head that can easily co-ordinate with elements such as Cd or Zn, and a 
silane tail that readily binds to polymer materials.46,64 A schematic of the binding of 
MPTMO functionalized CdS-ZnD QDs with EVA can be seen in Figure 2 - 17. 
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Figure 2 - 17: Schematic diagram 3-mercaptopropyl trimethoxysilane functionalized 
CdS-ZnS core-shell quantum dots with ethylene vinyl acetate polymer resins. 
Adapted from46 
 
 
2.4	  Silica	  Aerogels	  	  
Aerogels are highly porous nanostructured materials formed from gels in which the liquid 
component is removed without shrinking or damaging the original frame, preserving the 
continuous solid network of the gel.16,49 The result is a solid, lightweight material 
possessing a number of unique physical properties, including remarkably low thermal 
conductivity.16,49 Among the many potential applications for aerogels, the field of thermal 
insulation is the most significant. 74,49  
 
2.4.1 Aerogel Synthesis 
The synthesis of (silica) aerogels takes place in three main steps: gel preparation, aging, 
and drying of the gel. The gel is prepared using sol-gel processing; a colloidal solution, or 
sol, is made by dissolving a silica precursor, such as tetramethoxysilane (TMOS) or 
methyltrimethoxysilane (MTMS) in a solvent, such as ethanol (EtOH) or methanol 
(MeOH). Through the addition of a catalyst gelation occurs. The prepared gel is then 
aged in its mother solution in order to strengthen the gel network and prevent shrinking 
during the drying stage. The gel is then dried to remove the pore liquid. The drying stage 
is critical: to ensure the network does not collapse during this process it must take place 
under special conditions of temperature and pressure.50 
 
 34 
During the drying stage, shrinking or collapse of the solid frame may occur due to the 
gradient of capillary pressure within the pores. Capillary tension during drying may 
become very high, causing shrinking and cracking. Due to small pore size, enormous 
capillary forces may ensue resulting in fracture of the material. This relationship can be 
seen in the following equation for capillary pressure 𝑃!"#:50 
 𝑃!"# =    !  !!"!!!  !!                      (2-23)   
           𝑟! =    !!!!!          (2-24) 
 
where 𝛾!" is the surface tension of the pore liquid, 𝛿! is the thickness of the surface 
absorbed layer and 𝑟! is the pore radius calculated from the pore volume 𝑉!, and the 
surface area 𝑆!. To avoid damage, traditional aerogel synthesis involves supercritical 
drying, where the pore liquid is removed above its supercritical temperature Tc and 
pressure Pc at which point there is no liquid-vapor interface, thus eliminating any 
capillary pressure.49, 50 The supercritical region on a solid, liquid, vapour phase diagram 
can be seen in Figure 2 - 18.  
 
 
Figure 2 - 18: The location of the supercritical region on a solid, liquid, vapour 
phase diagram. Adapted from51 
 
Due to the high temperature and pressure required this type of process can be inefficient, 
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expensive, energy intensive, dangerous, and can have negative environmental 
consequences. 51 
 
Recent developments and commercialized processes allow for aerogel production under 
ambient conditions. This is done by chemically modifying the surface chemistry of the 
wet gel by substituting the H from the hydroxyl group with a hydrophobic functional 
group, as shown in Figure 2 - 19.  
 
 
 
Figure 2 - 19: Chemical surface modification of the gel with a hydrophobic alky 
group. Adapted from51 
 
During drying, the surface silanol groups (Si-OH) undergo condensation reactions that 
can cause irreversible shrinking and damage. The wetting properties of the surface can be 
altered using modifying agents such as MTMS to replace the H from the Si-OH with a 
non-polar alkyl or aryl group. This process creates a hydrophobic surface with extremely 
low energies, significantly reducing the surface tension. The resulting aerogels can then 
be dried under ambient conditions, creating a safer, lower cost, continuous process that 
results in a more sustainable product. 51   
 
 
2.4.2 Silica Aerogel Properties 
 
Silica based aerogel granules were specifically selected for use as composite fillers in 
greenhouse films to improve thermal conductivity, rather than other material aerogel 
types also possessing low thermal conductivity, because they are transparent, moisture 
Surface 
Modification 
R=O-Si(CH3)3 
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resistant, safe to humans and ecological systems, and stable in a variety of 
environments.49,52  
 
The aerogel granules are composed of micro (< 2nm), meso (2-50nm) and macro 
(>50nm) pores. However, there are very few micropores with the majority being 
mesopores in the 20-40nm range.49,50 The pore volume and porosity of the aerogel is 
calculated as follows: 
 𝑃𝑜𝑟𝑒  𝑉𝑜𝑙𝑢𝑚𝑒 =    !!!   –    !!!                                 (2-25) 
 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 1−   !!!!      ×  100%      (2-26) 
 
where 𝜌! and 𝜌! is the bulk and skeletal density of the aerogel, respectivley.50 The 
average pore is smaller in size than the wavelength of light, which results in very low 
light scattering, which enhances the degree of optical transparency of the material. This 
allows for incorporation of silica aerogels into a variety of systems, such as thin polymer 
films, without being detected.16 
 
Another result of the numerous open, interconnecting pores, is that aerogels consist 
mainly of air (>90%). The pore size is smaller than the average distance travelled by air 
molecules between collisions (mean free path) preventing proper air circulation, which 
inhibits heat transfer through the material. This gives aerogels a very low thermal 
conductivity, making them an excellent thermally insulating material. Additionally, silica 
absorbs infrared radiation, allowing visible light to pass through the material while 
trapping heat loss in the form of long wave infrared radiation from escaping.16 This 
further confirms that silica type aerogels are an excellent candidate for a filler material to 
be used in greenhouse films. Relevant material properties of Cabot silica aerogels are 
shown in Table 2 - 2. 
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Table 2 - 2: Properties of Cabot Silica Nanogel Aerogel Translucent Granules.52 
Property Value Unit 
Applications Architectural daylighting, building insulation, oil and gas 
pipelines, out door apparel, paints and coatings 
 
Drying Conditions Ambient temperature and pressure  
Appearance Clear to white powder granules, odorless  
Water Solubility Insoluble/hydrophobic  
Oil Absorption 540-560 g/100g p 
Thermal 
Conductivity 
9-12 mW/m-K 
Specific Heat 
Capacity 
7-11.5 KJ/KgK 
Pore Size 20-40 nm 
Particle Size 0.0-0.7 mm 
Average Particle Size 0.2 mm 
Surface Area 700-800 m2/g 
Density Particle 120-180 
Bulk 75-96 
Relative (@ 20oC) 60-150 
Kg/m3 
Ignition Temperature 550 0C 
Melting Point 1700 0C 
 
 
2.5. Summary 
 
Despite many commercially available greenhouse films, the science of light and heat 
manipulation for biological control and growth optimization of greenhouse crops requires 
new innovations. Nanostructured particles such as quantum dots and silica aerogels show 
promise for the development of light and heat selective films that can be utilized to 
reduce energy consumption caused by heat loss and facilitate the growth of greenhouse 
crops by improving the quality of available light.  
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OBJECTIVES 
 
The objectives of this investigation were to: 
 
1. Characterize commercial poly (ethylene vinyl acetate) (i.e EVA) greenhouse 
plastics in terms of their optical, thermal and mechanical properties. 
 
2. Investigate the use of quantum dot nanoparticles to enhance the optical properties 
of EVA films, providing light selectivity. 
 
3. Investigate the use of silica aerogels to enhance the thermal properties of EVA 
films, providing heat selectivity. 
 
4. Examine the photostability and effects of aging on both commercial and 
experimental films. 
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CHAPTER 3: LIGHT SELECTIVE NANOCOMPOSITE 
GREENHOUSE FILMS 
 
 
 
Abstract	  
Quantum dot (QD) semiconducting nanoparticles show great potential for enhancing the 
optical properties of plastic films towards the goal of increasing biomass production and 
efficiency of commercial greenhouse operations. In this work, cadmium sulfide (CdS) 
and cadmium sulfide – zinc sulfide (CdS-ZnS) core-shell QDs were synthesized by 
colloidal chemistry using a single-molecular precursor method. The QDs were integrated 
into poly(ethylene-vinyl acetate) (EVA) films by melt mixing the particles with the 
plastic in a mini-compounder. The resulting blend was extruded and pressed into thin 
films using a Universal Film Maker and a Carver hydraulic press. The films were 
characterized in terms of their optical, and material properties using a variety of analytic 
methods including FTIR, UV-Vis spectroscopy, XRD, TEM, SEM, AFM, and TGA/DSC 
analysis. The mechanical properties of the films were examined through tensile testing. 
The results were compared to the performance of commercial greenhouse plastics. After 
characterization, the synthesized QDs were confirmed to possess light selective 
properties desired for the enhancement of EVA films. The developed experimental 
nanocomposites displayed favorable optical performance including a decrease in light 
transmission in the UV range and an increase in the visible region, suitable for next 
generation light selective greenhouse films. 
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3.1	  Introduction	  
 
Commercial greenhouse operations offer the ability to provide safe, local produce year-
round.1 However, during winter months, particularly in the North American climate, light 
intensity becomes limited, which reduces the rate of plant photosynthesis below the 
potential maximum.18 Low levels of solar radiation can also negatively impact the quality 
of fruit production.1,13 These issues lower the efficiency and increase the cost and 
environmental impact associated with large-scale greenhouse operations.  
Light is one of the most important environmental factors affecting plant growth, making 
the enhancement of the optical properties of greenhouse plastics extremely important. 
Light acts not only as the main source of energy, but also as a key source of information 
providing cues that influence the chemical, reproductive and growth processes within the 
plant.7 Therefore, manipulation of the light environment provides the potential for 
controlling plant growth, development, fruit production and quality. Enhancing the 
available light in a greenhouse could increase the rate of photosynthesis during winter 
months and improve crop quality year-round in order to meet the market demand. 
Recent studies have demonstrated that by using artificial light sources to irradiate 
greenhouse crops an increase in leaf photosynthesis rates can be achieved, as well as 
improvements to plant growth and development resulting in greater fruit yield of superior 
quality.1,15 The most successful of these experiments used light emitting diodes (LEDs) to 
provide combinations of red, blue and far red light, in order to target the specific 
wavelengths of light required for fundamental plant growth processes.1,46 Unfortunately, 
this form of spectral light manipulation is far too energy intensive and expensive for 
commercial operations, creating a need to investigate alternative methods for providing 
an increase in these types of light combinations using polymer nanocomposite films.  
 
Quantum dot nanoparticles show tremendous promise for light harvesting. Defined as 
small semiconducting nanocrystals, QDs have the ability to absorb harmful UV radiation 
from the sun, and emit longer wavelength lights, such as red or blue, which are more 
favorable for plant growth.41 The addition of a higher band gap inorganic material shell in 
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core-shell structured QDs has been shown to improve the optical properties and reduce 
the toxicity of the bare QD cores. 46,67,69,70 The fluorescent quantum yield is increased by 
negating surface defects on the optically active core, which reduces the effects of 
blinking.46,67,69,70 The shell improves the photostability and effective life of the QD by 
providing a physical barrier that separates the core from the surrounding environment, 
protecting the optical properties from the negative effects caused by prolonged exposure 
to light and water. 67 Furthermore, the addition of the inorganic shell reduces the 
tendency of the nanoparticles to aggregate and makes them more robust, improving their 
tolerance to processing conditions necessary for incorporation into other materials.46  
 
Increasing attention is being directed towards the modification of existing polymers to 
produce novel materials with desired properties.27,53 Nanocomposites are the most recent 
class of composite materials, defined as particle-filled polymers containing dispersed 
units, such as silica nanoparticles, semiconducting nanocrystals, or nanotubes, with at 
least one dimension in the nanometer range. Nanocomposites have been reported to 
improve optical, thermal and mechanical behaviour of the polymer, as well as other 
properties.32,53 QDs can be functionalized with specific organic ligands to improve their 
compatibility with polymer systems in order to produce nanocomposites with improved 
properties.40,46 However, the performance of QDs have not been examined in polymer 
films suitable for greenhouse applications. The proposed experimental nanocomposite 
greenhouse films have the potential to enhance the optical properties of greenhouse 
plastic by adjusting the naturally available light spectrum in order to improve crop 
quantity and quality without additional electricity input, creating more efficient, 
sustainable greenhouses. 
 
Nearly all available greenhouse plastics in today’s market are co-extruded films 
consisting of several polyethylene (PE) and ethylene-vinyl acetate (EVA) layers.7,13 The 
addition of the vinyl acetate (VA) component enhances the material, optical and thermal 
properties of the film. It improves the flexibility and toughness of the plastic7,11,28 while 
decreasing the material degradation and aging caused by exposure to UV light. EVA 
commercial greenhouse plastics also show improved compatibility with fillers and 
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additives,27,29 making it an excellent candidate for binding the experimental 
nanocomposite light selective films. 
 
In this work CdS and CdS-ZnS core-shell structured quantum dots with size-dependent 
tunable optical properties were synthesized using a single-molecular precursor method. 
They were functionalized with 3-(mercaptopropyl) trimethoxysilane (MPTMO) to 
improve binding prior to their incorporation into polymer films. Several grades of EVA 
were characterized and compared in order to select an appropriate binding material for 
the films. The synthesized experimental light-selective nanocomposite films were 
characterized in terms of their optical, material and mechanical properties and compared 
to the performance of commercial greenhouse plastics. 
	  
	  
3.2	  Experimental	  Section	  
 
3.2.1 Materials 
 
Argon (ultra high purity, 99.9%, PRAXAIR), cadmium chloride (tech grade, A.C.S 
reagent, Aldrich), sodium diethyldithiocarbamate trihydrate (A.C.S reagent, Sigma-
Aldrich), zinc diethyldithiocarbamate (98%, Aldrich), trioctlyamine (TOA) (98%, 
Aldrich), trioctylphosphine (TOP) (97%, Aldrich), anhydrous ethanol (≥ 99.5%, Sigma-
Aldrich, methanol (≥ 99.9%, CHROMOSOLV, Sigma Aldrich), and toluene (≥ 99%, 
Sigma-Aldrich) were used for the synthesis of bare CdS and CdS-ZnS core-shell quantum 
dots.  
 
Argon (ultra high purity, 99.9%, PRAXAIR), 3-mercaptopropyl-methyl dimethoxysilane 
(MPTMO) (purum ≥ 95%, Fluka), anhydrous pentane (≥ 99%, DriSolv) and toluene (≥ 
99%, Sigma-Aldrich) were used for ligand exchange to introduce new surface 
functionality to the QDs to facilitate their incorporation into the polymer films. 
 
The following samples of commercial poly(ethylene-vinyl acetate) greenhouse films 
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were provided by AT Films and Excalibur Plastics in order to provide a comparison for 
the performance of the experimental films. 
 
Table 3 - 1: Commercial Film Samples.8-10,54 
Distributer Manufacturer Name Class Material Thickness 
(μm) 
Lifespan 
(Years) 
  AT Films    Dura-Film® 
Super Direct Light EVA 150 4 
Solar Ice Light Diffusing EVA 150 4 
Thermax Thermal EVA 150 4 
Excalibur 
Plastics 
EIFFEL® 
S.p.A., 
Plastics 
MultiEVA  Direct Light/ Thermal EVA 200 3 
MultiSolar  Light Diffusing EVA 200 3 
 
Polyethylene (PE 220) and ethylene vinyl acetate co-polymer (Ateva®1075, 
Ateva®1941, Ateva® 2821, Ateva® 3325) resins were provided by AT Plastics for use 
in the preparation of experimental greenhouse plastics. Relevant material properties of 
these resins can be found in Table 3 - 2. 
 
Table 3 - 2: Properties of Polymer Resin Samples Provided by AT Plastics.55,56,57,58,59 
Properties PE 220 Ateva®107
5 
Ateva®194
1 
Ateva®282
1 
Ateva®3325 
VA Content (wt%) 0 9 19 28 33 
Density (g/cc) 0.921 0.924 0.934 0.948 0.952 
Melting Point (°C) 112 98 87 60-80 50-60 
Softening Point (°C) 94 79 51 - - 
Brittlness Temperature 
(°C) 
-82 -70 - - - 
Tensile Strength @ Break 
(MPa) 15 15 13  11 9 
Elongation @Break (%) 550 692 610  850 900 
 
 
3.2.2 Quantum Dot Synthesis 
 
The bare CdS and CdS-ZnS core-shell quantum dots were prepared using colloidal 
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chemistry following a single-molecular precursor method described by previous 
Charpentier group members Xu 46 and Medina-Gonzalez.47 To formulate the cadmium 
diethyldithiocarbamate single-molecular precursor (Cd[S2CN(C2H5)2]2) for QD synthesis, 
a 0.1 M aqueous solution of sodium diethyldithiocarbamate and 0.1 M cadmium chloride 
solution were prepared and dissolved using sonication. Stoichiometric amounts of each 
solution were reacted while stirring, yielding a white precipitate. The precipitate was 
collected using vacuum filtration and further purified by washing with distilled water. 
The product was then dried in a vacuum oven overnight at 40 oC. 
 
For the preparation of the QDs, the method used by Xu46 and Medina- Gonzalez47 was 
slightly modified.  A 50 ml sample of Trioctylamine (TOA) was heated while stirring in a 
250ml 3-necked round-bottom flask under inert argon atmosphere equipped with a reflux 
condenser, vacuum, thermocouple and temperature controller, as shown in Figure 3 - 1. 
 
 
 
 
 
Figure 3 - 1: Experimental set-up for quantum dot synthesis. 
 
Inlet for argon gas 
Inlet for precursor injection 
Thermocouple for automatic 
temperature control 
Exit for argon to bubbler and vacuum 
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When the temperature was stable at 220oC, a solution containing 1g of Cd precursor 
dissolved in 18ml of TOP was rapidly injected into the flask forming the cadmium sulfide 
cores. The cores were allowed to grow for 5 minutes, then a solution of 0.4g of Zn 
[S2CN(C2H5)2]2 dissolved in 6 ml of trioctylphosphine (TOP) was slowly added 
dropwise. After a further reaction time of 10 minutes the heat was removed and the 
solution was cooled. When the temperature of the reaction mixture was approximately 
75oC a large excess of methanol was added. The QDs were separated using 
centrifugation, washed using methanol and then re-centrifuged. Sonication was used to 
break up any aggregated material and help remove poorly capped and large particles. The 
product was then dispersed in toluene.  
 
For the synthesis of bare CdS a similar procedure was followed using a higher 
temperature of 240oC and a reaction time of 15 minutes with no addition of 
Zn[S2CN(C2H5)2]2. A second batch of bare CdS QDs was synthesized at an elevated 
temperature of 255oC and reaction time of 30 min. 
 
The synthesized quantum dots were then reacted with 5mM MPTMO while stirring under 
argon at 70 oC for 24 hrs. The mixture was cooled to room temperature and a large excess 
of pentane was added. The QDs were separated using centrifugation and re-dispersed in 
toluene. This process was repeated several times. 
 
 
3.2.3 Synthesis of Polymer Nanocomposite Light Selective Experimental Films 
 
For the synthesis of the light selective experimental film, 5g of EVA pellets containing 
9% VA content by weight were added to a Thermo Scientific HAAKE Mini-Lab II twin-
screw micro-compounder at 130 oC. The pure polymer was allowed to melt and cycle for 
5 minutes at a speed of 50 RPM and torque of 35 N⋅cm. 
 
Varying concentrations of 0.1, 0.2 and 0.5% of CdS or CdS-ZnS QDs were added by 
weight to the melted EVA. The polymer and nanoparticles were left to cycle for a further 
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15 min at the previous conditions and were then flushed from the extruder. 
 
The resulting blend was cut and weighed into 0.030 and 0.065g pieces and pressed into 
thin films using a Spectra-Tech Universal Film Maker (UFM) kit and Carver hydraulic 
press. The platens of the UFM were heated to 120oC and placed under 2000 psi for 4 
minutes using a 100 or 250µm spacer, respectively. The films were left to cool under 
pressure for 10 minutes, and were then transferred to a cooling chamber for a further 5 
minutes. 
 
 
3.2.4 Characterization Methods  
 
A Nicolet 6700 FTIR spectrometer equipped with a smart iTR diamond horizontal 
attenuated total reflectance (ATR) accessory was used to characterize the cadmium 
diethyldithiocarbamate single-molecular precursor and the synthesized QD nanoparticles 
before and after ligand exchange. Absorbance spectra were collected for each sample in 
the infrared region to identifying the characteristic functional groups. Spectra were 
measured in the range of 400– 4000 cm-1 using 32 scans at 4 cm-1 resolution for each 
sample. 
 
The standard FTIR compartment was used to determine the infrared efficiency of the 
commercial greenhouse plastics and potential binding materials. Measurements were 
taken in transmission mode in the long infrared range from 700 to 1400 cm-1, operating at 
32 scans with a resolution of 4 cm-1. The collected data was used calculate thermicity 
values based on equation (2-16), with numerical integration performed using MATLAB 
(see Appendix 1). 
 
The Q600 SDT Simultaneous TGA/DSC SDT was used to observe the thermal behaviour 
of the cadmium diethyldithiocarbamate single-molecular precursor in order to 
characterize the melting point and heat of fusion. Thermogravimetric analysis (TGA) of 
the commercial film samples and EVA resins was carried out in order to determine the 
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vinyl acetate content and melting behaviour. The mass of each sample (approx. 10 mg in 
an aluminum pan) was monitored as the sample was heated at a controlled rate of 
10oC/min up to 600oC under nitrogen conditions. The VA content was calculated from 
equation (3-3) using the mass lost of acetic acid, determined using the TA Universal 
Analysis 2000 software. Melting temperatures and changes in enthalpy from melting 
were also calculated using this software. 
 
X-Ray diffraction (XRD) was used to study the crystal structure, confirm the chemical 
composition, and determine the approximate average particle size of the QD samples. 
Analysis was done in a Bruker D2 Phaser powder difractometer using CuKα radiation (λ 
for Kα = 1.54059 Å) from 2θ = 0-100. Estimates for particle size were calculated based 
on equation (3-1), using the Diffrac.EVA XRD analysis software. 
 
A Phillips CM10 Transmission electron microscopy (TEM) was used to image the QD 
particles to observe particle size and shape. The nanoparticles were suspended in 
methanol and dispersed on a copper grid. The images were obtained at 80kV at varying 
magnification depending on the sample. TEM images were analyzed using ImageJ 
software to measure particle size and approximate circularity. Thin strips of the nano-
composite experimental films were placed in an airtight gelatin capsule and filled with 
LR white, a polyhydroxy-aromatic acrylic embedding resin. The medium was placed in 
an oven to polymerize for 48 hours at 60oC. This was used as a support for the 
experimental films so they could be sectioned into thin slices using a Reichert Jung 
UltraCut Ultramicrotome with a diamond knife. The shavings were placed on a copper 
grid and imaged using TEM in order to view the particle dispersion below the surface of 
the films.  
 
Scanning electron microscopy was used to study the morphology of the QD samples. 
This was done using a Hitachi S-4500 field emission SEM. Elemental composition of the 
nanoparticles before and after ligand exchange was confirmed and quantified using the 
energy dispersive x-ray detection (EDX) feature of the SEM to monitor the change in 
elemental ratios present in each sample. 
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A Shimadzu UV-3600 UV-VIS-NIR spectrophotometer was used to measure the 
absorption spectrum of the QDs dispersed in toluene in the ultra-violet and visible range 
from 280 to 700 nm. The integrating sphere compartment of the spectrophotometer was 
used to measure the absorption behaviour in the UV range as well as the visible 
transmittance and haze values of the commercial and experimental film samples.  
 
A PTI photoluminescent (PL) spectrophotometer was used to measure the PL emissions 
of the QDs. The nanoparticles were dispersed in ethanol and the spectra were collected 
over the UV-visible range. 
 
Thermal conductivity measurements of the commercial greenhouse films and potential 
binding materials were conducted using the previously described simple transient 
temperature system based on the method and apparatus described by Lee.34 For this 
technique the polymer film sample was placed between a large heated, and a smaller 
unheated, aluminum block and the dynamic response of temperature vs. time was 
measured to determine the time-constant of the unheated block to reach steady-state, as 
well as the difference between the final temperature of the initially unheated block and 
constant temperature heated block. With this data the thermal conductivity of the polymer 
films was determined using equations (2-5) through (2-12). 
 
Tensile testing was done using an INSTRON 5943. Tests were done using a sample 
width of 5mm with an initial gauge length of 5mm. Sample thickness depended on the 
material being tested. All mechanical properties were calculated from the tensile data 
using the Instron Bluehill 2 program software. 
 
A ZEISS LSM 5 Duo confocal microscope was used to take transmission and fluorescent 
images of the experimental films using an argon laser at 488 nm. A surface area of 450 
µm was scanned using and objective of 20x magnification.  
 
A Veeco diMultiMode V atomic force microscopy (AFM) was used to image the surface 
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topography, roughness and phase of the experimental greenhouse films. The images were 
taken in tapping mode using an E scanner at varying magnifications from 5 to 1µm. 
Surface roughness and height values were calculated using Nanoscope V7.30 program 
software. 
 
A Li-250A Light Meter was used to measure the increase in photosynthetic active 
radiation through the experimental QD films when exposed to a Blak-Ray UV Lamp AP-
100 emitting 365nm wavelength light. The experiments were conducted in full darkness 
with the UV lamp held in a fixed position 50 cm above the sensor. The sensor was fixed 
in the centre of the lamp and the films were placed flush over the sensor completely 
covering the surface. Three trials were run for each sample and the measurements 
recorded were an average of readings measured over 15 seconds (approx. 60 readings). 
 
 
3.3	  Results	  and	  Discussion	  
 
3.3.1 Characterization of the Single-Molecular Precursor 
 
Prior to use in QD synthesis, the precipitated single-molecular precursor, cadmium 
diethyldithiocarbamate, was characterized to confirm successful formulation. FTIR 
analysis was used to identify the characteristic functional groups of the dried powder, as 
shown in Figure 3 - 2. The resulting spectrum displayed significant peaks at 1495, 1268, 
1072 and at 986 cm-1 corresponding to the stretching vibrations of the (C=N), (C−N), 
(C=S) and (C−S) bonds respectively.60 These results are in agreement with the 
characteristic peaks identified in literature as corresponding to Cd [S2CN(C2H5)2]2.46,61  
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Figure 3 - 2: ATR FTIR absorbance spectrum displaying the characteristic 
functional groups of cadmium diethyldithiocarbamate powder. 
 
The thermal behavior of the prepared cadmium diethyldithiocarbamate was determined 
using TGA/DSC analysis, as shown in Figure 3 - 3.  
 
 
Figure 3 - 3: TGA/DSC thermogram of cadmium diethyldithiocarbamate displaying 
the change in weight (black) and heat flow (grey) using a temperature ramp of 
10°C/min under nitrogen conditions.  
 
From these results the melting temperature (Tm) of Cd [S2CN(C2H5)2]2  was found to be 
approximately 250oC. The heat of fusion, calculated by determining the change in 
enthalpy that occurred during melting,33 was found to be approximately 30 J/g. These 
results are consistent with those previously described in the literature.46,61 Affirmation of 
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the melting point and main functional groups indicates successful synthesis of the 
precursor. 
 
 
3.3.2 Physical Properties of The Synthesized QDs 
 
The successfully formulated single-molecular precursor was then used for the preparation 
of two samples of bare CdS QDs, differentiated by their synthesis at varying temperatures 
and reaction times. The precursor, in combination with zinc diethyldithiocarbamate, was 
further used for the synthesis of a third QD sample of CdS-ZnS core-shell QDs. The 
synthesized QDs were characterized using a variety of methods and compared. 
 
The three variations of QD samples, a) yellow CdS, b) orange CdS and c) CdS-ZnS, can 
be seen in Figure 3 - 4. All three samples are present in equal concentration of 0.5g/L, 
dissolved in methanol. 
 
 
Figure 3 - 4: Colouration of a)yellow CdS, b) orange CdS, c)CdS ZnS in 0.5g/L 
methanol solution, and d) yellow CdS, e) orange CdS in 1g/L toluene solution. 
Reaction conditions were as follows: a) 240°C for 15 min, b) 255°C for 30 mins, and 
c) 220°C for 5 mins. 
 
It was observed that the bare ‘orange’ CdS QDs synthesized at a higher temperature of 
255°C for a longer reaction time of 30 minutes displayed darker, more orange coloration 
than the ‘yellow’ CdS sample synthesized following the same procedure with the 
exception of a decreased temperature of 240 °C and a shorter reaction time of 15 minutes. 
a b c d e 
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The core-shell QDs containing CdS cores that were prepared at 220°C for a reaction time 
of only 5 minutes displayed similar coloration, although slightly lighter, compared to the 
bare yellow CdS sample. Figure 3 - 4d and e further demonstrates the colour variation 
between the two CdS samples dissolved in toluene at a higher concentration of 1g/L.  
 
The resulting colour of the QD nanocrystals is contingent upon the materials used for 
synthesis, the temperature at which the reaction took place, and the subsequent particle 
size.46,62,63 During synthesis, in the case of all three QD samples, the reaction solution 
immediately became a pale yellow at the time of injection. As time increased, the 
solution was observed to change in colour to a more distinct yellow, then light orange, 
followed by a darker orange, and in the case of the orange CdS sample, a burnt red. The 
observed colour change is a visual indication of the growing crystal size of the particles. 
The rate at which the change occurred was faster for the orange CdS QDs, which may be 
attributed to the increased temperature at which the reaction took place. Regardless of 
differences in temperature, with all other conditions constant, the increased reaction time 
used for the formation of the orange-coloured CdS nanocrystals would allow them to 
grow to a larger size than that of the yellow CdS sample. An increase in particle size is 
consistent with a red shift in colour from yellow to orange.63 
 
The crystalline structure and approximate particle size of the QD samples was determined 
using XRD analysis. The diffraction pattern of the yellow and orange CdS QDs can be 
seen in Figure 3 - 5.  
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Figure 3 - 5: Powder X-ray diffractograms of a) yellow and b) orange CdS QDs 
displaying the bulk reflections of hexagonal structured CdS nanoparticles. 
 
Both samples show major diffractions consistent with the characteristic (100), (002), 
(101), (110), (103), and (112) planes of hexagonal structured CdS nanoparticles.64 
The position of the XRD peaks for both samples match well with those of bulk structure 
CdS in the yellow to orange range (PDF 00-001-0780). However, the orange QDs 
synthesized at higher temperature for a longer reaction time show much narrower, more 
defined peaks, consistent with a larger particle size.47,62,65 
 
The XRD diffraction pattern of the CdS-ZnS core-shell QDs in comparison to bare 
(yellow) CdS QDs can be seen in Figure 3 - 6. The characteristic peaks of the core-shell 
QDs are consistent with the planes of zinc-blended nanocrystals.  The addition of the zinc 
phase causes the CdS peaks to become broader and less defined. This demonstrates the 
presence of a core-shell structure, rather than homogenously alloyed particles.65 
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Figure 3 - 6: Powder X-ray diffractograms of a) yellow CdS quantum dots of 
hexagonal structure and b) CdS-ZnS zinc blend quantum dots. 
  
The average particle diameter of nano-sized materials, such as QDs, can be calculated 
from XRD diffraction patterns using Debye-Scherrer’s equation:62,64  
 𝐷! =    !"!"#$%         (3-1) 
 
where K is the shape factor (assuming spherical particles K=0.9), 𝜆 is x-ray wavelength 
(λ for Kα = 1.54059 Å), 𝛽 is the full width at half of the maximum intensity (obtained 
from the peak position using analysis software), and 𝜃 is the angle of diffraction (Bragg 
angle) at the peak location. 62,64 
 
Based on equation (3-1) the average particle size for the yellow and orange CdS QDS 
were calculated as 5.9 and 7.1 nm respectively, using the (110) peak. As suspected, the 
average particle size for the orange CdS quantum dots was found to be larger than that of 
the yellow sample.  The CdS-ZnS QDs were found to be smaller than both the CdS 
samples despite the addition of the ZnS shell, with an average particle diameter of 4.8nm. 
This is due to the lower temperature and reaction time used for the formation of the cores. 
 
QD nanoparticles have sufficient electron density to be observed using electron 
microscopy.78 TEM images of the prepared CdS QDs can be seen in Figure 3 - 7. Both 
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samples are present in a dispersed state, showing nearly spherical particles characteristic 
of their material composition and size range.78 The approximate size of the individual 
particles was estimated from these images using ImageJ particle analysis software.  
 
 
  
Figure 3 - 7: TEM images of a) yellow and b) orange CdS QD nanocrystals dissolved 
in methanol and dispersed on a copper grid. 
 
The yellow CdS nanocrystals were found to range in dimension from 2.9-15.6 nm with an 
average particle size of 11.1 nm and an average circularity value of 0.9. The orange CdS 
sample showed the presence of larger particles ranging from 4.2 to 28.5 nm with an 
average particle size of approximately 14.0 nm and an average circularity of 0.94. 
Histograms showing the distribution of particles size for both samples can be seen in 
Figure 3 - 8. 
a) CdS - Yellow 
 
b) CdS - Orange 
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Figure 3 - 8: Histogramsof a) yellow CdS and b) orange Cds particle size 
distribution. 
 
It is important to note that the software experienced difficulties locating the exact particle 
boundaries, particularly in the case of agglomerations, and often included a ‘halo’ of 
additional space around each particle in the size calculation. These errors are attributed to 
the poor quality and an uneven optical plane of the TEM images, which created ‘noise’ 
making it difficult to simultaneously analyze the multitude of particles present in each 
image. Additionally, transmission electron microscopy, in the case of extremely small 
particle sizes, has been reported to lead to an overestimation of the particles in the given 
size distribution due to limitations of particle size resolution and focus.62  This, in 
combination with the limitations of the ImageJ analysis software, may explain the greater 
average particle size estimation for each QD sample compared to the values obtained 
using Debye-Scherrer’s equation.  Although the average particle size estimations are 
larger, the trend however is in agreement with the XRD results. 
 
A TEM image of core-shell CdS-ZnS QDs in comparison to bare (yellow) CdS QDs can 
be seen in Figure 3 - 9. The particle size was found to range from 2.6 to 16.8 nm with an 
average particle diameter of 8.6 nm. In agreement with the size trend estimated from the 
XRD diffraction patterns, the core-shell quantum dots were found to be smaller than the 
bare QDs, indicating the presence of a much smaller core size within the ZnS shell. 
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Figure 3 - 9: TEM images of a) yellow CdS and b) CdS-ZnS QD nanocrystals 
dissolved in methanol and dispersed on a copper grid. 
 
The shape of the core-shell QDs appear to be less uniform and regular than that of the 
CdS QDs due to the formation of the ZnS shell, with an average approximate circularity 
value of only 0.86. The irregular features can further be observed in SEM images of the 
agglomerated bulk QD powder samples shown in Figure 3 - 10. 
 
 
Figure 3 - 10: SEM Images of dry QD powder in large agglomerated bulk form. 
 
The SEM images of the core QDs, seen in Figure 3 - 10a and b show relatively uniform 
circular shaped QDs, whereas the core-shell QDs in Figure 3 - 10c appear in 
agglomerations where distinct circular particles cannot be observed due to the surface 
properties. 
 
 
b) CdS Orange c) CdS-ZnS a) CdS Yellow 
a) CdS - Yellow 
 
b) CdS - ZnS 
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3.3.3 Optical Properties of the Synthesized QDs 
 
A difference in particle size for QDs of the same composition has a systematic effect on 
the resulting optical properties.63 The UV-Vis absorption spectra of the two CdS QD 
samples can be seen in Figure 3 - 11. The presence of fine structure in both absorption 
spectra characterized by a steep absorbance edge and a visible peak, further confirms that 
QD particles were successfully formed.63 Both the yellow and orange QDs show a broad 
absorption spectra with a maximum absorption peak (λabs) in the blue range centered at 
approximately 443 and 455 nm, respectively.  
 
Figure 3 - 11: UV-Vis absorption spectra of yellow (λabs = 443 nm) and orange (λabs  = 
455 nm) CdS QDs in toluene.  
 
The absorption of light at all wavelengths less than the absorbance edge, as seen in both 
CdS samples, is indicative of a broad and continuous excitation spectrum, signifying 
successful development of the characteristic optical properties of QDs.65 The location of 
the absorption peak and overall absorption behaviour of the bare QD samples was found 
to be in good agreement with previous results for CdS nanocrystals of the same size 
range.46,47The red shift observed in the absorption spectrum of the orange CdS QDs can 
be attributed to their larger particle size.40,41,65,63 Increasing the particle size will decrease 
the energy required to confine the excitons, due to a smaller band gap between the 
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valence and conduction bands.41,42 This means the orange QDs will have a lower 
minimum energy requirement necessary to reach an excited state, consistent with the 
presence of an absorption peak at a higher wavelength.41,63 
 
There is a direct relationship between the UV-Vis absorption peak of a sample and the 
particle size of the QDs. 48,63,66,67 Correlations and size curves for several materials, 
including CdS, have been tabulated in the literature.66,67 The following equation 
demonstrates the relationship between particle size and the first absorption peak (λabs) 
 𝐷 = −6.6521𝑥10!! 𝜆!"#! + 1.9557𝑥10!! 𝜆!"#! − 9.2352𝑥10!! 𝜆!"# + 13.29       (3-2) 
 
Using this equation the approximate particle size of the yellow and orange CdS quantum 
dots were calculated as 5.0 and 5.5 nm respectively. These values better approximate 
those found using equation (3-1) providing a more realistic particle size range than the 
values obtained from TEM analysis. Using previously described equation (2- 21) the 
energy band gap was estimated for both CdS samples, as seen in Table 3 - 3. Calculations 
were done for particles size estimations from the XRD and UV-Vis results, excluded 
those from TEM analysis due to the determined error of the approximations.  
 
Table 3 - 3: Approximate band gap energy corresponding to CdS QD particle size.  
Sample Particle size, 𝑫 (nm) Band Gap Energy, 𝑬𝒈 (eV) 
CdS Yellow 5.0 2.8 5.9 2.7 
CdS Orange 5.5 2.7 7.1 2.6 
 
The calculated band gap energies for the CdS QD samples were found to be larger than 
the 2.45 eV band gap of bulk CdS. These findings are consistent with behavior caused by 
the quantum confinement effect known to influence particles in the size range of 1-
10nm.40,42 The size dependent properties of the band gap energy caused by the quantum 
confinement effect can further be seen by a decrease in energy with an increase in 
particle size. The UV-Vis absorption spectrum of the CdS-ZnS QDs in comparison to 
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bare (yellow) CdS QDs can be seen in Figure 3 - 12. The addition of a higher energy 
band gap shell in type-I core-shell structured QDs typically results in a small red shift 
(approximately 5-10nm), varying in degree dependent on the thickness of the shell 
growth. This occurs as a result of the partial delocalization of the exciton within the shell 
material.67 
 
Figure 3 - 12: UV-Vis absorption spectra of CdS (λabs = 443 nm) and CdS-ZnS (λabs = 
405 nm) QDs in toluene. 
 
However, in this case the addition of the ZnS shell resulted in an abnormal blue shift.  
Similar observations have been reported in the literature accrediting the shift to reduced 
reaction time, size reduction of the core from etching, partial alloying of the core and 
shell material, and a decreased degree of spatial confinement.65,68,69 In this case, the blue 
shift is attributed to the smaller particle size of the CdS cores within the ZnS shell due to 
the reduced reaction time during which they were formed. The optical properties of type I 
core-shell structured quantum dots, although enhanced by the shell, are dictated by the 
properties of the core. A smaller core size will necessitate a higher minimum energy 
requirement in order to confine the excitons, resulting in absorption at a lower 
wavelength.41,65 These findings are consistent with the results from XRD and TEM, 
indicating a similar particle size for the core-shell QDs than that of the yellow CdS QDs, 
despite the addition of the ZnS shell. The emission spectra of the QDs can be seen in 
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Figure 3 - 13. Both CdS samples display typical Gaussian-shaped emissions78 of 
approximately 10 nm in width. The narrow peak width indicates all particles within the 
sample are relatively similar in size.41,65  
 
 
Figure 3 - 13: Photoluminescent emission spectra of yellow CdS (λem = 467 nm), 
orange CdS (λem = 473 nm), and CdS-ZnS (λem = 422), QDs in methanol excited at λex 
= 360nm. 
 
The yellow CdS quantum dots show an emission peak in the blue range at 467 nm. 
Comparable to the absorption behavior of the QDs, the orange CdS particles show a red 
shift in emissions from the yellow sample, with a maximum peak in the green range at 
474nm. 
 
The CdS-ZnS core-shell QDs show near Gaussian shaped emissions that tail towards the 
red. The main emission peak has an approximate width of 13 nm with a 30 nm tail 
indicating a much larger size distribution than that of the bare QDs.41 Consistent with the 
absorption behavior, the core-shell quantum dots display a blue shift in emissions with a 
maximum emissions peak in the blue range at 422 nm. The large increase in PL intensity 
of the core-shell QDs can be attributed to formation of the ZnS layer on the CdS core, 
effectively reducing blinking by eliminating surface defects.65,69 
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3.3.4 Ligand Exchange of the QDs  
 
To stabilize and improve compatibility and binding with the polymer films the 
synthesized (yellow) CdS and CdS-ZnS core-shell QDs were functionalized with 3-
mercaptopropyl-methyl dimethoxysilane. To confirm the reaction proceeded successfully 
and the desired results were achieved, the QDs were characterized before and after ligand 
exchange (LE). 
 
FTIR spectra were recorded to identify the functional groups present on the surface of the 
CdS and CdS-ZnS QDs before and after ligand exchange, as shown in Figure 3 - 14. 
Prior to ligand exchange, the dominant peaks corresponding to TOA alkyl groups can be 
observed at 2954 and 2920 cm-1 corresponding to the vibration of the asymmetric 
stretching of the -CH3 and -CH2 functional groups, respectively. The peak at 2853 
represents the symmetric stretching vibration of the -CH2 group. The peak at 1455 cm-1 is 
characteristic of the symmetric and asymmetric bending vibration of the -CH2 and -CH3 
groups, respectively, and the peak at 723 cm-1 corresponds to the rocking vibration of -
CH2.46,60  
 
Figure 3 - 14: ATR FTIR spectra of CdS QD a) before and b) after ligand exchange.  
600#1100#1600#2100#2600#3100#
Wavenumber*(cm-1)*
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After ligand exchange it can be seen that these peaks are effectively replaced with the 
dominant peaks corresponding to the main functional groups of MPTMO. These include 
peaks at 2930 and 2839 cm-1 belonging to the asymmetric and symmetric stretching 
vibrations of the -CH2 and -CH3 groups, respectively, the peak at 1191 cm-1 belonging to 
the rocking vibration of -CH3, and peaks at 1087 and 813 cm-1 representing the 
asymmetric and symmetric stretching vibrations of the S-O-C bonds, respectively. The 
peak at 690 cm-1 can be attributed to C-Si bonds.46,60,64 Similar results were found for the 
CdS-ZnS QDs before and after ligand exchange.  
 
EDX elemental analysis of the QD samples before and after LE can be seen in Figure 3 - 
15.  
 
 
 
 
Figure 3 - 15: SEM-EDX analysis of CdS (top) and CdS-ZnS (bottom) QDs a)before 
and b) after Ligand Exchange 
a) Before Ligand Exchange b) After Ligand Exchange 
CdS 
CdS-ZnS 
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Before ligand exchange, the EDX measurements of the nanocrystals indicate the presence 
of Cd, Zn (only in the core-shell structure), S, P, C and O. After ligand exchange the 
traces of P, attributed to TOP used during synthesis, can no longer be detected. However, 
the presence of Si, characteristic to MPTMO is now present. 
 
The approximate atomic ratios demonstrating the composition of the CdS QDs before and 
after ligand exchange, along with those of the CdS-ZnS core-shell QDs, can be seen in 
Table 3 - 4. Analysis of these ratios shows an increase in Si/Cd and O/Cd with a decrease 
in P/Cd. These findings are consistent with the successful replacement of the TOA/TOP 
coating the surface of the QDs with MPTMO.46 
 
Table 3 - 4: Relative atomic ratios of QDs before and after ligand exchange. 
Elemental Ratio Before LE After LE 
CdS QDS 
Si/Cd 0.00 ± 0.00 0.17 ± 0.01 
O/Cd 0.07 ± 0.03 0.23 ± 0.02 
S/Cd 0.36 ± 0.00 0.49 ± 0.01 
P/Cd 0.03 ± 0.00 0.00 ± 0.00 
CdS-ZnS QDs 
Si/Cd 0.00 ± 0.00 0.10 ± 0.00 
O/Cd 0.12 ± 0.03 0.19 ± 0.02 
Zn/Cd 0.16 ± 0.03 0.14 ± 0.01 
S/Cd 0.05 ± 0.01 0.60 ± 0.01 
P/Cd 0.04 ± 0.00 0.00 ± 0.00 
 
The absorption and emission spectra of the bare and core-shell QDs before and after 
ligand exchange can be seen in Figure 3 - 16. In both samples a decrease in intensity, 
broadening, and a redshift can be observed for the maximum absorption peak after ligand 
exchange. The PL emissions also experience a decrease in intensity and a red shift. 
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Figure 3 - 16: Absorption (top) and Emission (bottom) Spectra of a) CdS and b) 
CdS-ZnSQDs before ( ) and after ( ) ligand exchange 
 
Kalyuyuzhny and Murray reported that the surface exchange reactions with a variety of 
thiols resulted in a decrease in PL quantum yield as well as shifts in the absorption 
maxima to lower or higher energies.70 The red shift may also be caused by the loss of 
smaller QD particles during the purification process of repeated separation by 
centrifugation and re-dispersion in toluene.46,70 A laboratory synthesized batch of QDs 
consists of a polydisperse collection of particles ranging in size and crystalline structure. 
The resulting spectrum displayed by a sample is an average of the entire range. The loss 
of smaller particles would decrease the minimum energy required by the QDs resulting in 
a shift of the maximum absorption peak to a higher (lower energy) wavelength.41  This is 
further proved by the reduction in the emission ‘tail’ of the core-shell QDs present prior 
to LE. The more Gaussian-shaped emission spectra resulting after LE indicates a smaller 
particle size distribution, consistent with the loss of smaller particles. Following the 
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ligand exchange reaction some of the capping ligands are irreversibly bound, whereas 
some bonds are reversible. During purification and sample preparation by dilution, the 
loosely bound surface ligands may dissociate. During each purification step, a fraction of 
ligands are lost resulting in a range of effectively capped QD particles with varying 
ligand functionality. 70 This will affect the resulting optical properties of the QDs. The 
newly available surface site vacancies can become filled with surrounding solvent 
molecules negatively impacting the absorption and emission intensities of the QD 
samples. Therefore, a lower energy shift in the maxima of PL and UV-Vis peaks may be 
attributed to the number of purification steps.70 
 
 
3.3.5 Determining an Effective Binding Material  
 
Prior to investigating the QDs in optical films, commercial greenhouse plastics were 
characterized in order to provide a target for the major design parameters of the 
experimental films, such as the choice of binding material and film thickness. 
 
All the commercial greenhouse samples provided by AT Films (150 µm thickness) and 
Excalibur Plastics (200 µm thickness) were multilayer EVA films.8-10,54 EVA films, 
ranging in VA content from 4-12 wt %7, are amongst the most commonly used 
greenhouse covering materials2 due to their high transparency, IR retention and flexibility 
which are favourable for greenhouse operations.7 For this reason AT Plastics’ Ateva® 
ethylene-vinyl acetate copolymer resins were selected as an appropriate binding material 
for the experimental nanocomposite greenhouse films.  
 
Unfortunately, the data sheets for the commercial films provided no information 
regarding their multilayer build-up, or the precise nature of the materials and additives 
used in each layer. Therefore, the VA content of each film was unknown and difficult to 
determine without knowing which additives were also present in the sample.7 However, 
using TGA/DSC analysis, an approximate VA content could be calculated from the 
thermal degradation behavior of the sample,24,33,72 as shown in Figure 3 - 17. 
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Figure 3 - 17: TGA/DSC thermal analysis of commercial greenhouse plastics 
displaying the change in weight ( ) and heat flow ( ) at a temperature ramp of 
10°C per minute under nitrogen conditions. 
 
The change in mass was monitored as each sample was heated at a constant rate. The 
polymer films displayed two stages of weight loss, typical of EVA decomposition. The 
first, and smaller of the two stages, represented the mass lost of acetic acid from which 
the wt% of VA was calculated as follows:71,72 
 wt  %  VA = wt  loss  of  acetic  acid  × !"#  !"  !"    !"!"#  !"  !"  !"#$%"  !"#$        (3-3) 
 
Using this method, the approximate vinyl acetate content was measured for a commercial 
greenhouse sample from each of the three major film classes (i.e. direct light, light 
diffusing, and thermic films), these values are provided in Table 3 - 5. 
 
Table 3 - 5: Experimentally determined vinyl acetate content of commercial films.  
Film Type Initial Weight Loss (%) VA Content (wt %) 
Direct Light (MultiEVA) 7.3 ± 0.0 10.4 ± 0.1 
Light Diffusing (MultiSOLAR) 5.5 ± 0.1 7.8 ± 0.1 
Thermal (Thermax) 8.1 ± 0.1 11.6 ± 0.1 
Average                                                                          9.9 
 
The VA content of the commercial films was found to range from 7.8 to 11.6 wt% with 
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an average value of 9.9 %. This information provided a target VA content for the selected 
binding material. Ateva®1075, with a reported value of 9% VA content by weight25, was 
the closest available grade to this approximation, and was therefore thought to be a good 
candidate for binding the nanostructured particles to form the experimental greenhouse 
films. 
 
The resulting behaviour of EVA copolymers falls somewhere between PE and PVAc, 
depending on the proportion of each polymer present in the sample. These intermediate 
properties are largely due to the resulting morphology of the copolymer, consisting of a 
crystalline phase formed from PE, an interfacial region comprising both, and an 
amorphous phase containing non-crystallized VAc units.24  To further examine and 
justify the choice of binding material, the relevant properties of Ateva®1075 were 
compared to other Ateva® grades, as well as to the commercial greenhouse plastics 
provided by AT Films 
 
The optical properties of the polymer films samples were investigated using UV-Vis 
Spectroscopy. Figure 3 - 18 shows the visible light transmission in the region from 400 to 
700nm for all Ateva® films in comparison to commercial greenhouse plastics.  
 
 
Figure 3 - 18: Visible light transmission of 100µm Ateva and 150 µm commercial 
polymer film samples.  
It can be seen that all Ateva® grades have good optical transmission in the visible range, 
70	  
75	  
80	  
85	  
90	  
400	   450	   500	   550	   600	   650	   700	  
Tr
an
sm
ib
an
ce
	  (%
)	  
Wavelength	  (nm)	  
Super	  
Solar	  Ice	  
Thermax	  
EVA	  1075	  
EVA	  1941	  
EVA	  2821	  
EVA	  3325	  
 67 
out-performing the commercial greenhouse plastics. Transmittance and haze values for 
these films calculated from UV-Vis data are reported in Table 3 - 6. 
 
Table 3 - 6: Optical properties of Ateva and commercial polymer film samples. 
Sample VA Content (wt%) 
Thickness 
(μm) 
Transmittance 
(%) 
Haze 
(%) 
Solar Ice - 150 80.8 ± 0.1 77.3 ± 0.2 
Super 4 - 150 89.1 ± 0.1 20.6 ± 0.5 
Thermax 11.6 150 87.6 ± 0.9 12.9 ± 0.4 
PE 220 0 100 88.9 ± 0.1 38.6 ± 0.2 
Ateva®1075 9 100 90.0 ± 0.1 36.3 ± 0.5 
Ateva® 1941 19 100 90.3 ± 0.2 30.5 ± 0.9 
Ateva® 2821 28 100 90.7 ± 0.1 27.8 ± 0.8 
Ateva® 3325 33 100 90.8 ± 0.1 26.6 ± 0.5 
 
Of the commercial films, Super - the direct light film, has the highest transmittance value 
followed by Thermax - the thermal film, and Solar Ice - the light diffusing film. Super 
has a low haze value allowing for the maximum transmission of PAR light, whereas 
Solar Ice has a very high haze value allowing the film to scatter the available light, 
resulting in a loss of direct light transmission.8,31 Thermax has the lowest haze value, 
despite not having the highest transmittance. The loss of visible light transmission can be 
attributed to chemical additives within the film used to improve the thermal performance 
of the plastic.15 
 
It can be seen that the addition of the VA component improves the visible light 
transmission above the pure PE film sample by lowering the haze of the film.7 This 
results from a lower degree of crystallinity with increasing VA content.29,38 At greater 
film thicknesses, increasing the VA content from 9-33% would result in an increase in 
clarity as a result of decreasing crystallinity,38 however the 100µm EVA copolymer films 
are not significantly affected by the change. Increasing the VA content can however be 
observed to lower the haze value reducing the film’s ability to scatter light.  
 
The Universal Film Maker used to prepare the Ateva® resins for characterization could 
not produce films the same thickness as the commercial plastics due to limitations of the 
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available spacer accessories. The change in transmittance values for Ateva®1075 films of 
increasing film thickness can be seen in Figure 3 - 19. 
 
 
Figure 3 - 19: Transmittance values of Ateva®1075 films of varying thickness. 
 
In order to account for the variance in transmittance resulting from a difference in film 
thickness an estimate for a Ateva®1075 film of 150 µm was calculated using 
extrapolation in order to more effectively compare it to the commercial film samples. The 
theoretical film was found to have a transmittance value of 89%, putting it on par with 
the direct light film, Super. Despite similar abilities to transmit visible light, the 
experimental film has a greater haze value. These results indicate that a lower VA content 
of 9% is ideal, allowing for high transmission of PAR light necessary for photosynthesis 
while scattering more evenly light throughout the greenhouse making it readily available 
to crops at all heights, preventing scorching on the plant’s canopy as well as improving 
photosynthetic rates and harvest quality.8,31 
 
The ability of the film samples to prevent transmission of long wave-length infrared 
radiation was examined and compared by measuring the thermicity values of the films, as 
seen in Table 3 - 7. 
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Table 3 - 7: Thermicity of films of varying thickness and vinyl acetate content. 
Sample Thickness (μm) VA content (wt%) Thermicity (%) 
Solar Ice 150 - 14.4 ± 0.2 
Super 150 - 59.6 ± 0.2 
Thermax 150 11.6 32.4 ± 0.1 
PE 220 100 0 72.8 ± 0.1 
Ateva®1075 100 9 47.0 ± 0.4 
Ateva® 1941 100 19 35.7 ± 0.1 
Ateva® 2821 100 28 28.4 ± 0.4 
Ateva® 3325 100 33 26.2 ± 0.1 
 
With increasing VA content the IR retention of the Ateva® films improved, resulting in 
lower thermicity values.14 However, thermicity is dependent on both the material 
composition and thickness of the sample.37 The relationship between the thermicity and 
film thickness can be seen in Figure 3 - 20.  
 
 
Figure 3 - 20: Thermicity values of Ateva®1075 films of varying thickness. 
 
To account for the difference in film thickness a thermicity value of 42% was estimated 
by using extrapolation for a theoretical Ateva®1075 film of 150µm in order to more 
effectively make a comparison to the commercial film samples. Although this value is an 
improvement on the direct light film (Super), it is not on par with the thermal film 
(Thermax), and falls well below the light diffusing film (Solar Ice).  
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The ability of the films to prevent heat loss by conduction was also investigated by 
measuring the change in the thermal conductivity of the polymer with increasing VA 
content. The thermal conductivity measurements of the films were obtained by transient 
measurement of the temperature profile in the system.34 With increasing VA content the 
thermal conductivity of the films was found to increase.26 This improves the ability of the 
film to conduct heat, which decreases the performance as an effective insulator.33 This 
relationship can be seen in Figure 3 - 21. 
 
 
Figure 3 - 21: Thermal conductivity values of Ateva films of increasing vinyl acetate 
 
Thermal conductivity measurements obtained using this technique are reported in Table 3 
- 8. The measured values for EVA films of increasing VA content are in good agreement 
with those reported in the literature.26 Of all the EVA grades only the Ateva®1075 film 
containing 9% VA possessed lower thermal conductivity than the commercial films. 
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Table 3 - 8: Thermal conductivity of films of varying vinyl acetate content. 
Sample VA Content 
(wt%) 
Thickness (μm) Thermal Conductivity (mW/m-K) 
Solar Ice - 150 168.0 ± 20.0 
Super - 150 170.0 ± 32.0 
Thermax 11.6 150 190.0 ± 15.0 
Ateva®1075 9 100 127.0 ± 6.0 
Ateva® 1941 19 100 186.0 ± 7.0 
Ateva® 2821 28 100 226.0 ± 37.0 
Ateva® 3325 33 100 292.0 ± 2.0 
 
Therefore, increasing the VA content of the binding material improves the ability of the 
film to prevent heat loss by radiation,14 but decreases the conductive insulating abilities 
of the film.26 Consequently, proper selection of the polymer film material alone is not 
sufficient for creating a thermic film. This justifies the investigation of SA granules as 
composite fillers to further develop the thermal insulating performance of the films. 
Although, in terms of thermicity, a higher VA content seems more ideal, alternate 
methods of improving the IR retention would be more beneficial. This is due to the effect 
that high VA content can have on the material and mechanical properties of the film, as 
well as the previously shown effects on the optical properties. 
 
For example, the change in thermal material properties with increasing VA content can 
be observed by comparing the melting temperature (Tm), and the heat of fusion (Hf) 
calculated as the change in enthalpy (ΔH) at the melting point.33 These properties were 
determined using DSC analysis and can be seen in Figure 3 - 22. 
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Figure 3 - 22: DSC thermal analysis of Ateva polymers of varying vinyl acetate 
content at a temperature ramp of 10°C/min under nitrogen conditions. 
 
For the EVA co-polymers multiple melting endotherms are observed, consisting of a 
slight endotherm at a lower temperature, and a major melting peak.28 EVA copolymers, 
being semi-crystalline materials, soften gradually with increasing temperature.29 At a 
specific temperature the crystalline region begins to melt, which varies depending on VA 
content. At this point the copolymer viscosity decreases rapidly while the temperature 
continues to increase until all the crystallites have completely melted.29 The resulting 
endothermic peak, at which most of the crystallites disappear, indicates the melting 
temperature of the co-polymer.33 These values, along with the change in enthalpy at the 
melting point are provided in Table 3 - 9. 
 
Table 3 - 9: Thermal properties of Ateva polymers of varying vinyl acetate content.  
 PE 220 Ateva®1075 Ateva®1941 Ateva®2821 Ateva®3325 
VA (wt%) 0.0 9.0 19.0 28.0 33.0 
Tm* (°C) 112.0 98.0 87.0  60-80 50-60 
Tm (°C) 115.4 ± 0.7 102.9 ± 0.6 88.3 ± 0.2 64.3 ± 0.6 52.3  ± 0.2 
ΔH (J/g) 117.1 ± 1.9 96.7 ± 3.2 67.8 ± 1.6 40.7 ± 1.7 30.5  ± 0.6 
 
Tm* represents the melting temperatures reported by AT films for the respective Ateva 
grade polymers, and Tm denotes the experimentally determined values. The measured 
values are in good agreement with those reported in the literature.24,29,55-59 It can be seen 
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that increasing the VA content of the copolymer lowers the melting temperature as well 
as the energy required to melt the sample.24, 29 Low values resulting from high VA 
content could be problematic in a greenhouse environment, particularly where high 
temperatures develop at the metal components of the greenhouse construction materials.89 
 
An increase in VA content also reduces the hardness of the sample resulting from lower 
crystallinity. This increases the stickiness of the polymer, creating a somewhat rubbery 
material which can be characterized as ‘tacky’ in thin film form, similar to cling 
wrap.29,38 The effect of varying VA content on the mechanical properties of the 
copolymer films was examined through tensile testing, as seen in Figure 3 - 23. 
 
 
Figure 3 - 23: Stress-strain and force-displacement of 100µm Ateva polymer films of 
varying vinyl acetate content. 
 
From the resulting stress strain curves, the stress at any given strain can be seen to 
decrease with increasing VA content. The copolymer samples exhibit high flexibility 
with no pronounced yield point.7,29 Values for the elastic modulus (E), maximum force 
(Fmax), stress (σb), strain (εb), and deformation at break (sb) calculated from the tensile 
data are reported in Table 3 - 10. 
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Table 3 - 10: Mechanical properties of Ateva films of varying vinyl acetate content. 
Property PE 220 Ateva®1075 Ateva®1941 Ateva®2821 Ateva®3325 
E (MPa)  95.8 ± 4.0  56.6 ± 6.0 18.4 ± 1.3  3.1 ± 0.5  1.8 ± 0.5  
Fmax (N) 5.1 ± 0.1 6.1 ± 0.3  4.1 ± 0.2 3.6 ± 0.2  2.4 ± 0.0  
σb (MPa) 11.3 ± 0.2 13.5 ± 0.6 8.9 ± 0.2 7.9 ± 0.4 5.4 ± 0.1 
εb (mm/mm) 12.5 ± 0.2 18.4 ± 0.7 16.0 ± 0.3 17.3 ± 0.7 20.1 ± 0.8 
sb (mm) 63.4 ± 1.5 92.7 ± 2.7 81.4 ± 2.5 87.5 ± 3.3 100.6 ± 4.0 
 
The tensile modulus of elasticity (Young’s modulus) is a measurement of a material’s 
stiffness, indicating the samples tendency to be deformed elastically, with higher values 
representing a stiffer material.39 EVA copolymers are reasonably tough comparatively 
low modulus materials, with increased flexibility in comparison to pure PE. 29 Sample 
stiffness is primarily determined by crystallinity, explaining the rapid decrease in the 
modulus observed with increasing VA content of the copolymer films.29,73 The increase 
in elastic behaviour allows for greater tensile strain and ultimate elongation prior to 
break.29,73 Improving the flexibility to a certain degree, above that of pure PE, also 
improves the tensile stress and maximum load sustained by the film prior to break. This is 
achieved by improving the materials ability to stretch. Once a crack is formed it will 
continue to grow as a result of stress concentration at the crack tip, ultimately leading to 
failure or break. The addition of VA increases the materials crack resistance, further 
improving the strength of the material.29,38 However reducing the stiffness past a certain 
degree causes the material to behave like a rubber, stretching readily under smaller 
loads.29 Although the resulting samples still exhibit high tensile strain and elongation, the 
drastic increase in flexibility can be seen to ultimately reduce the maximum load and 
tensile stress to break. Of the tested materials, Ateva®1075 with 9% VA content shows 
optimal results by improving the flexibility and crack resistance of the plastic without 
decreasing the stiffness of the film to a point that lowers the maximum load and tensile 
stress sustained before break. 
 
After characterization of the EVA copolymers of varying VA content, Ateva®1075 was 
found to have good optical and mechanical properties, with satisfactory thermal 
properties confirming its selection as an effective matrix for the experimental 
nanocomposite films. 
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3.3.6 Determining an Effective Binding Method  
 
In general, the fabrication of polymer nanocomposite films involves three basic steps: 
synthesizing the polymer, synthesizing the nanostructured materials, and effectively 
combining the two to form a solid nanocomposite film with enhanced properties.32 For 
this purpose, many different binding methods can be considered, which can typically be 
subdivided into dry and wet systems.74 
 
Both dry and wet binding methods were investigated for the incorporation of the 
characterized nanostructured fillers into EVA to form the experimental greenhouse films. 
The proposed dry method involved mixing the EVA polymer resins with the 
nanostructured particles in an extruder and pressing the mixture at a temperature above 
the melting point of the polymer into a thin film.29,38,74 Film synthesis through phase 
inversion was investigated as a wet binding method in which the EVA polymer resins 
were dissolved in solution and mixed with the nanostructured particles. The dispersion 
was poured onto a plate and dried forming a thin film connecting the filler 
material.74,75,76,77 
 
Many drawbacks were found with the proposed wet binding method. It was difficult to 
find a solvent capable of dissolving Ateva®1075 copolymer resin. Typical solvents used 
for such applications, such as chloroform, tetrahydrofuran, and trichloro-benzene,75,76,77 
could not effectively dissolve EVA with a low VA content of 9%, as contained in the 
selected binding material. Due to poor dissolution, the resulting solution was not entirely 
homogenous, making it difficult to achieve even film thickness across the entire sample. 
Furthermore, solvents that were found to have some success dissolving Ateva®1075 at 
dilute concentrations subsequently had lower volatility. This resulted in non-uniform film 
formation, creating small holes and pores throughout the film sample.77 
 
For these reasons the proposed dry binding method was selected. The nanostructured 
materials were physically bound through melt-mixing with Ateva®1075 polymer resins 
and were then pressed into thin films. 
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Using the selected binding material and method, the previously characterized bare yellow 
CdS and CdS-ZnS core-shell QDs were used to develop experimental light selective films 
with the potential to provide spectral selectivity for the enhancement of plant 
development and fruit production. These films were characterized using a variety of 
methods and compared to the performance of commercial greenhouse plastics. 
         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
3.3.7 Particle Dispersion  
 
The light selective nanocomposites were characterized using SEM-EDX elemental 
analysis, TEM, and confocal microscopy to observe the distribution of QD nanoparticles 
within the experimental films. Both light and electron microscopy were used in order to 
maximize and validate observations.78 
 
Due to their small particle size and low concentration of QDs within the film, the SEM 
results could not effectively detect Cd, S, Si or Zn identified as being present in the bulk 
powder QD samples. This indicates that no QD particles were present at the surface of 
the film. This was thought to be due to the binding method of melt-mixing in a 
compounder effectively coating the QD particles with EVA. When the extrusion was 
pressed into a film the particles remained embedded in the polymer below an external 
layer of EVA.  
  
In order to examine the dispersion of particles under the surface layer of EVA, thin slices 
of the film sample were prepared with an ultramicrotome to allow for TEM imaging.79 
TEM images of 0.1% CdS in EVA can be seen in Figure 3 - 24. 
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Figure 3 - 24: TEM images of experimental light selective films containing 0.1% 
CdS QDs. 
 
Figure 3 - 24a shows an overview of a film slice in which the electron dense QD particles 
can be observed, confirming their presence within the composite EVA film.78 A mixture 
of small particles and larger agglomeration can be observed, similar to dispersion results 
previously reported in literature regarding EVA composite films synthesized through 
melt mixing.73,53 Although sometimes present in large agglomerations, it can be seen that 
the QD particles were displaced throughout the film section, rather than restricted to one 
area leaving other areas devoid of particles. Figure 3 - 24b takes a closer look at a second 
film slice. Using ImageJ particle analysis software, the QDs were found to range from 
individual particles of 2.33 nm in diameter to large agglomerations of 94 nm.  
 
This method gives an indication of particle dispersion, however only on a single plane. 
Although some particles can be observed below the immediate surface of the film, this is 
not sufficient to confirm the distribution of particles throughout the entire thickness. 
Furthermore, using electron microscopy alone it is difficult to confirm that the observed 
particles are in fact QD nanoparticles, rather than contaminants or imperfections in the 
film.78 
 
Using a confocal microscope, images of the experimental light selective films were taken 
a) b) 
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as a nondestructive, high-resolution technique to investigate the distribution of QDs 
embedded in the film.79 Images were taken in transmission mode to observe particle 
dispersion on a plane below the surface of the film. The same focal plane was then 
excited with an argon laser causing the QDs present in the sample to fluoresce.78 By 
comparing the transmission image to the fluorescent image, the presence of particles and 
shapes could be confirmed, as being QDs. An example of transmission and fluorescent 
images, as well as an overlay of the two, for EVA with 0.5% CdS QDs can be seen in 
Figure 3 - 25. 
 
 
Figure 3 - 25: a) Transmission b) fluorescent and confocal images of an EVA film 
loaded 0.5 wt% CdS QDs excited ith an argon laser. 
 
By taking a fluorescent image of an optical plane midway through each sample, films of 
increasing QD concentration can be compared as shown in Figure 3 - 26.  
 
 
Figure 3 - 26: Fluorescent confocal images of light selective films of increasing QD 
concentrations excited with an argon laser. 
a) CdS 0.1% b) CdS 0.2% c) CdS 0.5% 
a) Transmission b) Fluorescent b) Overlay 
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It is evident from these images that the successful loading of an increased QD 
concentration was achieved, characterized by an increase in fluorescent particles present 
at the same approximate depth in the corresponding image.79  
 
The confocal microscope was further used to examine the distribution of nanoparticles 
throughout the entire film by individually imaging multiple optical sections which were 
then accumulated to produce a 3D depth profile of the entire film thickness,79 as seen in 
Figure 3 - 27.  
 
 
Figure 3 - 27: 3D fluorescent confocal images of light selective films of varying QD 
concentration excited with an argon laser. 
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From these images it can be seen that particles are dispersed throughout the thickness of 
the film, however the presence and size of agglomerations is observed to increase with 
increasing QD concentration. When setting the film boundaries for the 3D images, the 
detection of the onset of fluorescent QD particles was used to signal the beginning and 
end of each sample. The depth of QD particles detected within the film was found to only 
be approximately 90 µm thick. This is roughly 10 µm shorter than the true 100µm 
thickness of the films, confirming the absence of QD particles on or near the surface layer 
of the film. 
 
The addition of the ZnS shell in core-shell structured QDs has been reported to reduce the 
tendency of the particles to aggregate, improving their ability to be incorporated into 
polymer films.40,44,46 Coating the QDs with the appropriate organic ligands has also been 
described to prevent aggregation.46,70 Despite previous findings, 3D images of CdS-ZnS 
light selective films show similar dispersion behaviour as the bare CdS QDS on the same 
concentration. Both can be observed to posses equally large and numerous clusters of 
agglomerations as shown in Figure 3 - 28.  
 
 
  
Figure 3 - 28: 3D fluorescent confocal images of core-shell quantum dot dispersion. 
a) CdS 0.1% b) CdS 0.1% 
c) CdS - ZnS 0.1% d) CdS - ZnS 0.1% 
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50	  μm 
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  μm 
90	  μm 
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3.3.8 Material Properties of Experimental Light Selective Films  
 
The surface properties of the light selective films were examined using atomic force 
microscopy to analyze the surface topography and phase of the films on a micron level. 
Due to the soft nature of the polymer material, images were taken in tapping mode to 
avoid surface damage or deformation of the sample.80,81 In tapping mode, the variations 
of the z-position of the sample, detected by the cantilever tip during scanning, are plotted 
as a function of their corresponding x,y position on the sample plane to create a height 
image in which the colour contrast is used to show the variation in z position.80,81 For 
surface images obtained in tapping mode, unlike contact mode, only minor variations are 
detected in height images when the force of tapping is varied, providing a more accurate 
representation of the sample surface. Furthermore, tapping mode allows for phase images 
to be obtained simultaneously, providing additional information about surface topography 
and other properties of the sample.80 Height images show only a variation in topography, 
whereas the phase images provide a physical measurement of the surface nature of the 
film by detecting any variations in composition. Multiphase polymers and embedded 
nanoparticles can be better visualized using phase imaging.81 These images provide 
information regarding the contrast of fine morphological and nanostructured features due 
to their sensitivity to surface imperfections such as steps or cracks.80 Figure 3 - 29 shows 
the height and phase images for a pure EVA film sample in comparison to an 
experimental film containing 0.5% CdS nanoparticles. 
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Figure 3 - 29: AFM height and phase images of pure EVA in comparison to EVA 
with 0.5% CdS QDs imaged in tapping mode. 
 
The height image of the pure EVA film does not display significant variations in 
topography, indicating a relatively flat surface. The phase behaviour of the sample is 
consistent at both high and low latitudes on the film surface. The detected phase 
variations can be attributed to regions of varying polymer density, related to the elastic 
modulus of the material.80 The amorphous and crystalline phase regions can be observed 
resulting from the VAc and PE components, respectively, that make up the copolymer 
material composition of the film.24 
 
The height image of the experimental light selective film shows the presence of circular 
topographic features covering the surface of the film as a result of the embedded 
nanoparticles. The observed changes in phase behaviour correspond to the height features 
of the film. Tip contact with QD nanoparticles present on the surface of the experimental 
EVA 
CdS 0.5% 
75nm 
75nm 
100° 
100° 
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film would have resulted in a significant phase shift as a result of varying material 
density.80 The lack of phase variations further confirms the absence of particles present at 
the film surface. 
 
Three-dimensional topographic maps combining the height and phase data for these 
samples can be seen in Figure 3 - 30. These images allow for clearer observation of the 
fine features attributed to each surface, such as particle edges, which can be difficult to 
observe in one dimensional height or phase images alone. Furthermore, they confirm the 
formation of continuously formed films without cracks or large open pores.64 
 
 
 
Figure 3 - 30: 3D topographic height/phase images of EVA in comparison to EVA 
with 0.1% CdS QDs imaged in tapping mode. 
 
Surface features of varying height and size were examined as shown in Figure 3 - 31. The 
topographies were found to vary in height from approximately 3 to 20 nm with the 
presence of both individual QD particles and QD agglomerations found below the surface 
layer of EVA, consistent with the TEM and confocal microscopy results. 
 
b) CdS 0.5% a) EVA 
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Figure 3 - 31: Surface feature height analysis of an EVA Film with 0.5% CdS QDs. 
 
The root mean square surface roughness (Rq) of each light selective film sample was 
averaged over 1µm square images, as shown in Table 3 - 11. For both the bare CdS 
samples and the CdS-ZnS core-shell films, the surface roughness was found to increase 
with increasing QD concentration, consistent with the observed presence of an increase in 
particles found in the confocal images. 
 
Table 3 - 11: Root mean square surface roughness of light selective films  
Samples Rq (nm) 
EVA 5.45 ± 0.6 
CdS 0.1% 11.7 ± 2.2 
CdS 0.2% 19.5 ± 3.9 
CdS 0.5% 26.5 ± 5.1 
CdS-ZnS 0.1% 11.1 ± 1.9 
CdS-ZnS 0.2% 14.7 ± 2.7 
CdS-ZnS 0.5% 23.6 ± 4.9 
 
Mechanical properties of composite blends can strongly be affected by the interfacial 
properties between the nanostructured particles and the polymer system.27,53 If a chemical 
bond is not formed between the filler and the polymer the volume occupied by the filler 
affects the resulting properties of the plastic.38 For this reason the surface chemistry of 
the particle is extremely important in order to promote interactions with the polymer 
providing better interfacial adhesion.38,53 To improve compatibility with the polymer 
system, the QD nanocrystals were functionalization with MPTMO through a ligand 
75nm CdS 0.5% 
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exchange reaction. MPTMO is a bi-functional thiol molecule possessing a thiol head that 
easily co-ordinates with Cd or Zn, and a silane tail that readily binds to polymer 
materials.46,64 Films formed from QDs before and after ligand exchange can be seen in 
Figure 3 - 32.  
 
 
Figure 3 - 32: 0.5% QD light selective films formed from CdS-ZnS core shell QD 
nanoparticles before and after ligand exchange. 
 
It can be seen that prior to ligand exchange, the polymer/nanoparticle blend extruded 
from the compounder could not effectively be pressed into a thin film. This was thought 
to be due to poor binding with the polymer system due to the presence of incompatible, 
oily TOA and TOP remaining on the particle surface from synthesis.46 
 
In addition to the surface chemistry, further properties that influence the affect of the 
fillers and the resulting behaviour of the composite include the shape, size, and 
distribution of particles within the film.38 In general, the smaller the particle the less 
effect it will have on the composite. Larger particles tend to result in reduced properties 
compared to the pure polymer sample.38 The effect of the addition of QD particles on the 
mechanical properties of the EVA films was examined through tensile testing, as seen in 
Figure 3 - 33 
 
 
 
 
 
 
Before LE After LE 
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Figure 3 - 33: Stress-strain and force-displacement plots of 100µm a) CdS and b) 
CdS-ZnS light selective films or varying QD concentration. 
 
It can be seen that as the QD concentration increases, the ductility of the sample 
decreases, similar to reported observations regarding the behaviour of 
EVA/nanostructured particle composites.14,38 Despite this result, the light selective 
experimental films show consistent initial elastic behaviour without a pronounced yield 
point.7,29 Values for the elastic modulus (E), maximum force (Fmax), stress (σb), strain (εb), 
and deformation at break (sb) calculated from the tensile data are reported in Table 3 - 12. 
 
The elastic modulus remains constant for each sample despite increasing QD 
concentration, indicating that initially the samples have a similar response to the onset of 
stress and strain.  Failure is brought upon by the formation of cracks, which propagate as 
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a result of stress concentration at the tip until the sample breaks. Cracks typically 
originate at a defect, such as a large agglomeration of particles, where stresses become 
concentrated.38   
 
Table 3 - 12: Mechanical properties of 100 µm light selective films. 
Property E (MPa) Fmax (N) σb (MPa) εb (mm/mm) sb (mm) 
CdS 0.1% 57.0 ± 3.9 4.1 ± 0.2 9.1 ± 0.4 11.5 ± 0.7 58.7 ± 3.8 
CdS 0.2% 59.3 ± 1.2 4.1 ± 0.3 9.0 ± 0.6 5.7 ± 1.5 38.4 ± 3.6 
CdS 0.5% 57.7 ± 0.8 2.8 ± 0.1 6.2 ± 0.2 2.5 ± 0.5 12.5 ± 2.4 
CdS-ZnS 0.1% 61.6 ± 2.0 4.4 ± 0.1 9.7 ± 0.3 11.0 ± 0.2 55.7 ± 1.4 
CdS-ZnS 0.2% 62.9 ± 6.4 3.6 ± 0.1 8.0 ± 0.3 53.6 ± 0.4 26.8 ± 1.9 
CdS-ZnS 0.5% 57.6 ± 6.0 3.2 ± 0.2 7.1 ± 0.3 20.4 ± 0.7 11.2 ± 2.8 
 
Increasing the QD concentration can be seen to decrease the materials crack resistance as 
a result of poor binding and dispersion of the nanoparticles within the film, despite 
improvements made from capping with MPTMO.29,38 This is consistent with an increase 
in the size and occurrence of agglomerations observed in the confocal images. Failure at 
low elongation and stress, experienced by the films loaded with 0.5% QD nanoparticles 
can be classified as brittle behaviour.38 The core-shell nanoparticles can be seen to 
display slightly improved mechanical properties over the bare QDs, which is attributed to 
the addition of the inorganic shell. The shell has been reported to reduce particle 
aggregation as well facilitate their incorporation into polymer films,46 reducing defects 
which lead to cracks. 
 
 
3.3.9 Optical Properties of Experimental Light Selective Films 
 
The optical behaviour of the experimental light selective films, including the absorption 
of light in the UV range from 280 - 400 nm and the total luminous transmittance in the 
visible range from 400 - 700 nm, was examined using UV-Vis Spectroscopy. The 
absorption of light by CdS experimental films of varying filler concentrations can be seen 
in Figure 3 - 34. 
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Figure 3 - 34: UV absorption spectra of 100µm CdS experimental light selective 
films of increasing QD concentration.  
 
The addition of QDs improved the absorption behavior above the capabilities of pure 
EVA, which does not possess the capacity to block UV radiation.29 As expected, with 
increasing QD concentration an increase in UV absorption is observed. The visible light 
transmission of the same films, in comparison to pure EVA and the commercial high 
light transmission greenhouse plastic, Super can be seen in Figure 3 - 35.  
 
 
Figure 3 - 35: Visible light transmission of 100 µm CdS experimental light selective 
films of increasing QD concentration in comparison to commercial 150 µm high 
light transmission greenhouse plastic. 
 
The experimental light selective films show low transmission of light in the blue range, 
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with a minimum at approximately 447 nm. This pattern is consistent with the absorption 
behavior of the bare CdS QDs. Although this result is undesirable, the absorption 
wavelengths of the QD can be tuned to desired regions by varying the reaction time 
during synthesis of the QDs, 41,46,65,68 as previously shown with the yellow and orange 
CdS QD samples. 
 
The addition of QDs, being non-transparent particles, slightly decreased the visible light 
transmission through the films. However, with increasing QD concentration the amount 
of visible light detected outside of the absorption spectrum of the QDs (i.e > 447nm) was 
shown to increase. This is thought to result from the addition of light from QD 
emissions.46 Although the addition of QDs decreased the visible light transmittance in 
comparison to pure EVA, in regions not affected by the QD absorption, the light 
transmission can be seen to be greater than that of the commercial film, Super. Values for 
the optical properties obtained from UV-Vis spectroscopy data can be seen in Table 3 - 
13. 
 
Table 3 - 13: Optical properties of experimental and commercial light selective films 
Sample UV Transmittance (%) Visible Transmittance (%) Haze (%) 
Super - 89.1 ± 0.1 20.6 ± 0.5 
PE  - 88.9 ± 0.1 38.6 ± 0.2 
EVA - 90.0 ± 0.0 36.3 ± 0.5 
CdS 0.1% 88.4 ± 0.3 88.6  ± 0.0 32.0 ± 0.2 
CdS 0.2% 81.5 ± 1.6 86.2 ± 0.4 33.1 ± 0.4 
CdS 0.5% 75.3 ± 1.8 86.2 ± 0.5 39.2 ± 0.9 
CdS-ZnS 0.1% 88.5 ± 0.4 88.2 ± 0.1 31.0 ± 0.4 
CdS-ZnS 0.2% 84.8 ± 0.8 88.2 ± 0.3 35.0 ± 0.3 
CdS-ZnS 0.5% 78.4 ± 0.6 88.2 ± 0.2 37.7 ± 0.3 
 
For both the CdS and CdS-ZnS light selective films ,the haze values increased with 
increasing filler concentration.14 This is due to an increase in particle inclusions within 
the film and the resulting increases in surface roughness, consistent with AFM results, 
known to increases haze values in polymer films.31 This improves the desired ability of 
the films to scatter available light without reducing its visible light transmission through 
the film.8,31 
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Similar to the bulk QD particles, the fluorescent emissions of the experimental light 
selective films were examined using PL spectroscopy. Unfortunately, the distinct 
emission peaks found with the unbound samples could not be detected with the 
experimental films. The loss of PL emission intensity was thought to be due to the 
decreased intensity observed after the ligand exchange reaction necessary for 
incorporation of the nanocrystals into the polymer systems, as well as the outer surface 
layer of EVA devoid of QDs.  
 
Despite these negative results, a slight increase in available light as a result of the 
addition of the QD particles was thought to be present from results indicated by UV-Vis 
transmittance values. In order to measure any difference in light levels caused directly by 
the addition of QDs, the films were irradiated with a UV light source in an otherwise dark 
environment. The quantum solar irradiance was then measured through the film using a 
PAR light sensor, as seen in Table 3 - 14. 
 
Table 3 - 14: Quantum solar irradiance of light selective films. 
 Light Intensity (µmol/m-2 s-1 ) 
Sample 100 µm 200 µm 
EVA 0.727 ± 0.005 0.67 ± 0.005 
CdS 0.1% 0.750 ± 0.005 0.713 ± 0.007 
CdS 0.2% 0.777 ± 0.005 0.757 ± 0.007 
CdS 0.5% 0.813 ± 0.002 0.870 ± 0.005 
CdS-ZnS 0.1% 0.800 ± 0.005 0.863 ± 0.011 
CdS-ZnS 0.2% 0.870 ± 0.005 0.993 ± 0.005 
CdS-ZnS 0.5% 1.037 ± 0.003 1.700 ± 0.047 
 
A small amount of light was detected through the pure EVA film as a result of light 
necessary to read the sensor output. With the addition of QDs in increasing concentration, 
an increase in PAR light intensity was observed. An increase in CdS-ZnS QDs showed a 
greater increase in light intensity than the bare CdS QDs, consistent with the increased 
PL intensity observed of the unbound particles as a result of the addition of the Zn shell. 
65,69 This can further be seen in Figure 3 - 36. 
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Figure 3 - 36: Increase in light intensity with increasing QD concentration measured 
with a PAR light sensor through 100 and 250µm light selective films.  
 
The detection and increase in measured light intensity is insignificant in comparison to 
reported light intensity studies involving higher plants that test variations from 12 - 800 
µmol/m-2 s-1, varying depending on daylight exposure hours,19,82,83 although levels as low 
as 2-12 have been used for growth studies with algae.84 The low levels of available light 
intensity resulting from the experimental films is thought to be due to issues involving the 
ligand exchange reaction as well as the outer polymer layer devoid of QD nanocrystals. It 
is therefore believed that results could be improved by refining the experimental film 
design through the QD synthesis and film fabrication process. For example, spin coating 
could be used to reduce the thickness of the outer polymer layer.85 
 
 
3.4	  Conclusions	  
 
QD semiconducting nanocrystals with size-dependent properties were successfully 
synthesized using a single-molecular precursor method. QDs formed at higher 
temperatures for longer reaction times displayed darker, more orange coloration than 
those synthesized following the same procedure, with the exception of a decreased 
temperature and shorter reaction time. This result was accompanied by an increase in 
particle size, red shifts in the absorption and emission spectra, and a smaller energy band 
gap. The addition of the ZnS shell in the core-structured QDs was shown to successfully 
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improve the PL intensity of the emission spectrum by negating surface defects. EVA with 
9% VA content was found to be an excellent candidate for binding the nanostructured 
particles in the composite films, displaying relevant optical, thermal and mechanical 
properties on par with commercial greenhouse plastics. Functionalizing the QDs through 
a ligand exchange reaction with MPTMO was found to be an essential step for the 
formation of the light selective nanocomposite films, although it caused a red shift and 
reduced emissions of both bare and core-shell QDs due to the number of purification 
steps used during the process. The experimental light selective films displayed improved 
optical properties, showing a decrease of light transmission in the UV range and an 
increase in the visible region. However the emission intensity was limited due to the 
effects of the LE reaction and the selected binding method creating a need for further 
experimentation with improved techniques. 
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CHAPTER 4: HEAT SELECTIVE NANOCOMPOSITE 
GREENHOUSE FILMS 
 
 
Abstract 
 
Silica aerogel (SA) granules show potential for the use as filler material for the 
development of experimental thermal greenhouse plastics that reduce energy 
consumption without compromising the optical performance of the film. In this work, 
commercial SA granules were integrated into poly(ethylene-vinyl acetate) (EVA) films 
by melt mixing the particles with the plastic in a mini-compounder. The resulting blend 
was extruded and pressed into thin films using a Universal Film Maker and a Carver 
hydraulic press. The experimental films were characterized in terms of their optical, 
thermal, and material properties using a variety of analytical methods such as FTIR, UV-
Vis spectroscopy, TEM, SEM, AFM, and TGA/DSC analysis. The thermal conductivity 
of the films was determined using a simple transient temperature system and the 
mechanical properties were examined through tensile testing. The results were compared 
to the performance of commercial greenhouse plastics. The SA granules added to the 
EVA films were found to improve the infrared retention of the films above the 
performance of commercial thermic plastics without compromising visible light 
transmission. Although the experimental films had lower thermal conductivity than the 
thermal commercial films, increasing the SA concentration did not further improve this 
value as a result of the polymer infiltrating the pores of the aerogel.  
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4.1 Introduction 
 
Commercial greenhouse operations offer the ability to provide safe, local produce year-
round.1 Unfortunately, the energy consumption associated with this service is a 
significant problem for large-scale greenhouse operations, particularly in the North 
American climate. The price of natural gas required for heating, and electricity necessary 
for greenhouse lighting continues to rise, as well as environmental awareness and 
restrictions on greenhouse gas emissions. With water and heat as the two main 
contributors, high-energy consumption is currently the largest drawback associated with 
industrial greenhouses, both environmentally and economically.  
 
Light and heat are two of the most important environmental factors affecting plant 
growth,17,20,22 making the optical and thermal properties of greenhouse plastics extremely 
important. Careful control of the greenhouse environment such as temperature, light 
intensity and humidity levels, is essential for the production of high quality produce. The 
covering material can have a tremendous impact on the microclimate within the 
greenhouse by influencing these important factors.1  
 
Light acts not only as the main source of energy, but also as a key source of information 
providing cues that influence the chemical, reproductive and growth processes within the 
plant.7 Therefore, a high light environment is essential for plant development and fruit 
production of high quality and quantity. Maintaining optimal, stable temperatures is also 
important. Plants have ideal soil, root, leaf expansion, flowering, and stem elongation 
temperatures essential for successful plant development and biomass production.22 There 
are direct and delayed effects caused by temperature fluctuation on the early stages of 
growth, during the plant’s maturity, and on the dormant stages of plant development as 
well as on the morphological and physiological processes.22 Stable temperatures within 
the greenhouse also allows for better control of relative humidity. Slight variations can 
have detrimental effects on plant development. When humidity levels become too high 
the photosynthetic rate is reduced. Similarly, under lower relative humidity conditions the 
plant may experience increased levels of transpiration, which typically reduces the rate of 
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photosynthesis as a result of water stress.23 Poor control of humidity levels can negatively 
affect plant development as well as increase energy consumption and water waste. 
 
Some commercially available greenhouse films are specifically designed to block 
infrared radiation. These films use thermal additives such as mineral silica, synthetic or 
natural silicates like talc, mica and kaolin, to improve the films infrared efficiency, 
reducing heat loss by radiation and preventing the risk of frost buildup on the film.12,14,89 
They allow the short range infrared light to be transmitted through the plastic, while 
reducing the outward transmission of long wave infrared radiation that is emitted back 
from the heated objects in the greenhouse.14,89 The minimization of heat loss reduces 
energy consumption and allows for more stable temperature control within the 
greenhouse, producing plants with greater biomass and fruit development. The end result 
is earlier, more abundant, harvests of better quality.13,14 It also allows for improved 
control of humidity levels, reducing unnecessary water loss through evaporation.5 
Unfortunately, thermal insulating plastic films that reduce heat loss also tend to inhibit 
the transmission of visible light through the film.15 As a result, crop quality may be 
compromised due to low levels of available light intensity.1,13 Therefore, further 
developing the insulating properties of greenhouse plastics without reducing the optical 
performance is crucial for increasing biomass production while reducing energy 
consumption.  
 
Towards this goal, silica aerogels show great potential for enhancing the insulating 
properties of greenhouse films. Aerogels are highly porous, nanostructured materials with 
high surface area. 51 They possess nano-sized pores smaller than the average distance 
travelled by air molecules between collisions (mean free path) preventing proper air 
circulation, which inhibits heat transfer through the material. This gives aerogels a very 
low thermal conductivity, making them an excellent thermally insulating material. 
Furthermore, silica blocks infrared radiation and is transparent, non-toxic and compatible 
in a variety of environments.16  
 
Increasing attention is being directed towards the modification of existing polymers to 
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produce novel materials with desired properties.27,53 Nanocomposites are the most recent 
class of composite materials, defined as particle-filled polymers containing dispersed 
units, such as silica nanoparticles, semiconducting nanocrystals, or nanotubes, with at 
least one dimension in the nanometer range. Nanocomposites have been reported to 
improve optical, thermal and mechanical behaviour of polymers, as well as other 
properties.32,53 Although difficult to incorporate into polymer films due to their porous 
nature, silica aerogels can be incorporated by melt mixing to produce nanocomposites 
with improved properties.40,46 The proposed experimental nanocomposite greenhouse 
films have the potential to improve the thermal properties of greenhouse plastics without 
reducing light transmission, creating more efficient, sustainable greenhouses. 
 
In this work, silica aerogel granules were incorporated into EVA films to produce 
experimental nanocomposite heat selective greenhouse plastics with high visible light 
transmission. The films were characterized in terms of their optical, thermal, and material 
properties and compared to the performance of commercial greenhouse plastics. 
 
 
4.2 Experimental Section 
 
4.2.1 Materials 
 
Silica Nanogel® Aerogel Translucent Granules (grade TLD 101) were obtained from 
Cabot Corporation for use as filler material in the preparation of the experimental heat 
selective nanocomposite greenhouse plastics. Ethylene vinyl acetate co-polymer 
(Ateva®1075) was provided by AT Plastics for use as a binding material for these films. 
 
The following samples of commercial poly(ethylene-vinyl acetate) greenhouse films 
were provided by AT Films for characterization. 
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Table 4 - 1 Commercial film samples.8,54 
Distributer Manufacturer Name Class Material Thickness (μm) 
Lifespan 
(Years) 
AT Films Dura-Film® 
Super4 Direct Light EVA 150 4 
Solar Ice Light Diffusing EVA 150 4 
Thermax Thermal EVA 150 4 
 
 
4.2.2 Synthesis of Experimental Heat Selective Nanocomposite Films 
 
The silica aerogel granules were then integrated into EVA films using a dry binding 
method to physically embed the particles through melt-mixing. 5g of EVA pellets 
containing 9% VA content by weight were added to a Thermo Scientific HAAKE Mini-
Lab II twin-screw micro-compounder at 130 oC. The pure polymer was allowed to melt 
and cycle for 5 minutes at a speed of 50 RPM and torque of 35 N⋅cm. 
 
Varying concentrations of 1, 5 and 10% silica aerogel granules were added by weight to 
the melted EVA. The polymer and nanoparticles were left to cycle for a further 15 min at 
the previous conditions and were then flushed from the extruder. 
 
The resulting blend was cut and weighed into 0.03g and 0.065g pieces and pressed into 
thin films using a Spectra-Tech Universal Film Maker (UFM) kit and Carver hydraulic 
press. The platens of the UFM were heated to 120oC and placed under 2000 psi for 4 
minutes using a 100 or 250µm spacer, respectively. The films were left to cool under 
pressure for 10 minutes, and were then transferred to a cooling chamber for a further 5 
minutes. 
 
Hybrid QD and SA films were also prepared following this method using 0.001% CdS-
ZnS QDS and 5% SA. 
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4.2.3 Characterization Methods 
 
A Nicolet 6700 FTIR spectrometer equipped with a smart ITR diamond horizontal 
attenuated total reflectance (ATR) accessory was used to characterize the SA granules by 
obtaining absorbance spectra in the infrared region and identifying the characteristic 
functional groups. Spectra were measured in the range of 400– 4000 cm-1 using 32 scans 
at 4 cm-1 resolution for each sample. 
 
The standard FTIR compartment was used to determine the infrared efficiency of the 
commercial and experimental greenhouse plastics. Measurements were taken in 
transmission mode in the long infrared range from 700 to 1400 cm-1, operating at 32 
scans with a resolution of 4 cm-1. The collected data was used to calculate thermicity 
values based on equation (2-16), with numerical integration performed using MATLAB 
(see Appendix 1). 
 
A Phillips CM10 Transmission electron microscopy (TEM) was used to image SA 
granules to observe particle and pore size and shape. The nanostructured particles were 
suspended in acetone and dispersed on a copper grid. The images were obtained at 80kV 
at varying magnification depending on the sample. ImageJ analysis software was used to 
measure the particle size, pore size, and particle shape.Thin strips of the nano-composite 
experimental films were placed in an airtight gelatin capsule and filled with LR white, a 
polyhydroxy-aromatic acrylic embedding resin. The medium was placed in an oven to 
polymerize for 48 hours at 60oC. This was used as a support for the experimental films so 
they could be sectioned into thin slices using a Reichert Jung UltraCut Ultramicrotome 
with a diamond knife. The shavings were placed on a copper grid and imaged using TEM 
in order to view the particle dispersion below the surface of the films.  
 
Scanning electron microscopy was used to study the morphology of the SA granules. 
This was done using a Hitachi S-4500 field emission SEM. The elemental mapping 
feature of the SEM was used to view the presence and dispersion of carbon, oxygen and 
silica present in the experimental heat selective films at high concentration. Elemental 
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composition was confirmed and quantified using energy dispersive x-ray detection 
(EDX) to determine the change in elemental ratios present in the samples. 
 
The Q600 SDT Simultaneous TGA/DSC SDT was used to characterize the thermal 
behaviour of the SA granules by monitoring the mass (approx. 10 mg in an aluminum 
pan) as the sample was heated at a controlled rate of 10oC/min up to 600oC under 
nitrogen conditions.  
 
A ZEISS LSM 5 Duo confocal microscope was used to take transmission images of the 
experimental heat selective films. A surface area of 450 µm was scanned using an 
objective of 20x magnification. Fluorescent images of the hybrid experimental films were 
taken using an argon laser at 488 nm. 
 
A Veeco diMultiMode V atomic force microscopy (AFM) was used to image the surface 
topography, roughness and phase of the experimental nanocomposite greenhouse films. 
The images were taken in tapping mode using an E scanner at varying magnifications 
from 5 to 1µm. Surface roughness was calculated using Nanscope V7.30 program 
software. 
 
Tensile testing was done using an INSTRON 5943. Tests were done using a sample 
width of 5mm with an initial gauge length of 5mm. Sample thickness depended on the 
material being tested. All mechanical properties were calculated from the tensile data 
using the Instron Bluehill 2 program software. 
 
Thermal conductivity measurements of the experimental and commercial greenhouse 
films were conducted using the previously described simple transient temperature system 
based on the method and apparatus described by Lee.34 For this technique, the polymer 
film sample was placed between a large heated, and a smaller unheated, aluminum block 
and the dynamic response of temperature vs. time was measured to determine the time-
constant of the unheated block to reach steady-state, as well as the difference between the 
final temperature of the initially unheated block and constant temperature heated block. 
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With this data the thermal conductivity of the polymer films was determined using 
equations (2-5) through (2-12) 
 
The integrating sphere compartment of the Shimadzu UV-3600 UV-VIS-NIR 
spectrophotometer was used to measure the absorbance of the commercial and 
experimental films in the UV range, and the light transmittance and haze values in the 
visible region. 
 
 
4.3 Results and Discussion 
 
4.3.1 Characterization of Cabot Silica Nanogel® Aerogel Translucent Granules 
 
The Silica Nanogel® Aerogel Translucent Granules obtained from Cabot were 
characterized to observe their unique properties. Findings were compared to the reported 
values for this product as well as those found in the literature for silica type aerogels. 
 
An FTIR spectrum of the silica aerogel granules was recorded to identify the main 
functional groups, as seen in Figure 4 - 1. The dominant peaks observed are confirmed to 
correspond to the main functional groups of silica, specifically surface modified 
hydrophobic silica aerogels. 86,87 The peak at 2963 cm-1 can be attributed to the terminal -
CH3 group, peaks at 1256 and 846 cm-1 are representative of the Si-C bonds consistent 
with surface modification for ambient pressure drying. The strong peak at 1078 cm-1 and 
weaker peak at 757 cm-1 are due to Si-O-Si vibrations. The absence of peaks at near 3435 
(absorption of -OH) and 1634 cm-1 (bending of H-O-H) give evidence of the hydrophilic 
groups being substituted with hydrophobic groups consistent with surface modification 
for ambient pressure drying.60,86,87 
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Figure 4 - 1: FTIR ATR absorbance spectrum of Silica Nanogel® Aerogel 
translucent granules. 
 
Particle and pore size, as well as pore distribution were examined from TEM images of 
the silica aerogel granules. Particles in a wide variety of sizes were observed, consistent 
with the extensive range from 0.0-700 µm reported in the product literature.52 An 
example of the varying granule size can be seen in Figure 4 - 2.  
 
 
Figure 4 - 2: TEM images of Cabot silica Nanogel® aerogel translucent granules 
dispersed in acetone on a copper grid. 
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At higher magnifications, the aerogel granules were observed to be highly porous with 
irregular shaped pores. Using imageJ analysis software the pores were found to vary in 
size from 10 – 93nm, with the majority in the range from 20-40nm. These findings are in 
agreement with the reported values.52 TEM images displaying pore size and distribution 
within the granule can be seen in Figure 4 - 3 
 
 
Figure 4 - 3: TEM images of pores size and distribution of Cabot silica aerogels 
dispersed in acetone on a copper grid.  
 
The morphology of the aerogel particles was further studied using SEM, as shown in 
Figure 4 - 4.  
 
 
Figure 4 - 4: SEM imges of Cabot silica Nanogel® Aerogel translucent granules. 
a) b) 
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The particles were observed to be present in an irregular granular form ranging in particle 
size. From this image, it was possible to confirm the presence of larger particles, which 
could not be seen using TEM, further ratifying the reported particle-size range, as well as 
the reported average value of 200 µm.52 
 
The thermal stability of the aerogels was tested using TGA/DSC analysis, as shown in 
Figure 4 - 5. Weight loss was minimal up to a temperature of 500°C at which point it 
began to increase. This was attributed to the decomposition of fluoroalkyl groups used as 
precursors for the surface modification reactions. These findings are consistent with the 
behaviour of hydrophobic aerogels.87  
 
 
Figure 4 - 5: TGA/DSC thermal analysis of Cabot silica Nanogel® aerogel 
translucent granules showing the change in weight (black) and heat flow (grey) at a 
temperature ramp of 10°C/min under nitrogen conditions. 
 
 
4.3.2 Synthesis of The Experimental Heat Selective Nanocomposite Greenhouse Films  
 
The previously characterized SA granules were used as composite fillers for the 
development of experimental heat selective films with the potential to reduce greenhouse 
energy costs that result from heat loss. These films were prepared using the same 
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procedure and binding material as the previously prepared experimental light selective 
films. They were characterized using a variety of methods and compared to the 
performance of commercial greenhouse plastics. 
 
 
4.3.3 Particle Dispersion  
 
The experimental heat selective films were characterized using SEM-EDX elemental 
analysis, TEM, and confocal microscopy to observe the dispersion of SA granules within 
the nanocomposite films.  
 
At low concentrations of SA granules (1 and 5 wt%) no traces of Si could be detected on, 
or immediately below, the surface of the films. However at a high concentration of 10% 
SA, the presence of silica was successfully detected. An elemental map of this sample 
can be seen in Figure 4 - 6. From these results the presence of silica aerogels within the 
EVA film can be confirmed. 
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Figure 4 - 6: SEM-EDX elemental map of oxygen (top right), carbon (bottom left), 
silica (botton right) of a 100 µm heat selective film containing 10% SA (top left). 
 
The dispersion of the aerogels can be observed throughout the sample plane, however in 
clusters of varying concentration, as seen in Figure 4 - 7. 
 
 
Figure 4 - 7: Regions of varying SA concentration in the experimental film. 
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Three regions of varying SA concentration were isolated for EDX analysis. The change 
in the elemental ratios of silica to carbon and oxygen present in the sample at varying 
concentrations can be observed in Figure 4 - 8. At high concentrations the presence of 
silica can be seen to increase accompanied by a decrease in oxygen and carbon. 
 
 
Figure 4 - 8: SEM-EDX elemental analysis of regions of varying SA concentrations 
in a 100 µm heat selective film containing 10% SA 
 
In an attempt to examine the dispersed particles under the surface layer of EVA in the 
case of lower concentrations of SA granules, thin slices of the films were prepared using 
an ultramicrotome to allow for TEM imaging.79 Due to the large particle size of the SA 
granules it was difficult to cut the film into slices thin enough for TEM analysis. Many of 
the films were damaged and unsuitable for imaging. Some film sections containing only 
smaller SA particles could be successfully cut and imaged. An example TEM image of 
5% SA in EVA can be seen in Figure 4 - 9. The presence of irregular shaped granules 
ranging in size can be observed, confirming the presence of SA granules below the 
surface layer of EVA in the case of lower SA content films. 
 
a) S-1 b) S-2 c) S-3 
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Figure 4 - 9: TEM image displaying particle dispersion in an experimental heat 
selective film containing 0.5% silica aerogels by weight. 
 
Similar to the previously characterized light selective films, confocal microscopy was 
used in an attempt to examine the particle dispersion throughout the thickness of the film. 
However, unlike the QDs, the SA granules do not fluoresce, meaning only transmission 
photos could be taken as seen in Figure 4 - 10.  
 
 
Figure 4 - 10: Transmission confocal images of 100 µm heat selective films 
containing a) 1% and b) 10% silica aerogels by weight.  
 
In a hybrid light and heat selective film containing 0.001% CdS-ZnS and 0.5% SA, the 
SA granules can however be observed using transmission and fluorescent images as a 
result of the QDs infiltrating the pores of the aerogel as seen in Figure 4 - 11. This type of 
a) 1% SA  b) 10% SA 
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film results in an even lower homogenous dispersion of nano-sized particles within the 
composite films. 
 
 
Figure 4 - 11: a) Transmission, b) fluorescent and c) overlay confocal images of 
hybrid light and heat selective experimental films containing 0.001% CdS-ZnS and 
5% SA. 
 
 
4.3.4 Material Properties of Experimental Nanocomposite Heat Selective Films  
 
The surface properties of the heat selective films were examined using AFM to analyze 
the surface topography and phase of the films on a micron level.80,81 The experimental 
thermal films did not display consistent surface features from one region to the next. This 
was thought to be a result of the irregular granular shape and large size distribution of the 
a) Transmission b) Fluorescent 
c) Overlay 
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SA granules.  Figure 4 - 12 shows an example of the variations observed in height and 
phase images of EVA films containing SA granules. 
 
 
 
 
Figure 4 - 12: AFM height and phase images of heat selective films of varying SA 
concentration imaged in tapping mode. 
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Variations in height topography differ significantly between different regions on each 
sample, as well as from one sample to the next as a result of the embedded particles. 
Despite the range in surface features the phase behaviour of each sample can consistently 
be seen to correspond to the height features of the film. Tip contact with SA granules 
would have resulted in a significant phase shift as a result of varying material density. 80 
The lack of phase variations further confirms the absence of SA granules present at the 
film surface. 
 
Three-dimensional topographic maps combining the height and phase data for these 
samples can be seen in Figure 4 - 13. These images allow for better observation of the 
fine features, such as particle edges, corresponding to the surface topographies. Despite 
the variation of film surfaces, it can be seen that continuous films without cracks were 
successfully formed.64 
 
Due to the irregular and varying shape, large range of particle size, and unhomogenous 
particle dispersion observed from SEM elemental mapping, the surface roughness of the 
film changed drastically from one location to the next. 49 No trend was observed with 
increasing particle loading. The surface roughness was found to vary from 41.5 nm to 
175.2 nm across a 5µm square area on film surfaces of all SA concentrations. 
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Figure 4 - 13: 3D AFM images of heat selective films of varying SA concentration 
imaged in tapping mode. 
 
The mechanical properties of composite blends can be strongly affected by the 
morphology as well as the interfacial properties between the nanostructured particles and 
b) SA 5% 
c) SA 10% 
a) SA 1% 
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the polymer system.27, 53 Irregular surface features caused by the shape, size, and 
distribution of the filler, as observed in AFM images of the heat selective films, will 
influence the resulting mechanical behaviour of the composite.38 The affect of increasing 
concentrations of SA granules on the mechanical properties of the EVA films was 
examined through tensile testing, as seen in Figure 4 - 14. 
 
 
Figure 4 - 14: Stress- strain and force-displacement plots for 100 µm heat selective 
films of increasing silica aerogel content. 
 
As the SA concentration increases, the ductility of the samples can be seen to decrease, 
similar to reported observations of EVA/nanostructured particle composites in the 
literature.14,38,53 The initial elastic behaviour is constant and the films display no distinct 
yield point.7,29 Values for the elastic modulus (E), maximum force (Fmax), stress (σb), 
strain (εb), and deformation at break (sb) calculated from the tensile data are reported in 
Table 4 - 2. 
 
Table 4 - 2: Tensile properties of 100 µm heat selective films. 
Property EVA 1075 SA 1% SA 5% SA 10% 
E (MPa)  56.6 ± 6.0 56.0 ± 6.1  53.0 ± 2.9  57.43 ± 5.3  
Fmax (N) 6.6 ± 0.3  3.4 ± 0.2 3.0 ± 0.1  2.89 ± 0.1  
σb (MPa) 13.5 ± 0.6 7.6 ± 0.4 6.8 ± 0.3 6.42 ± 0.2 
εb (mm/mm) 18.4 ± 0.6 6.8 ± 0.4 2.1 ± 0.2 1.12 ± 0.3 
sb (mm) 92.7 ± 2.7 33.8 ± 2.1 12.2 ± 1.9 9.59 ± 2.4 
 
The elastic modulus remains fairly constant (within error) for each sample, despite 
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increasing SA concentration, displaying a similar response to initial stress and strain.  As 
a general rule, the smaller the particle filler, the less effect it will have on the composite, 
with larger particles typically resulting in reduced properties.38 However, in this case, 
despite the much larger size range of the SA granules in comparison to the QD 
nanoparticles used in the previously characterized light selective films (nm vs µm), as 
well as a much higher loading concentration, the heat selective films show only slightly 
reduced mechanical properties. This is indicative of better interfacial properties and 
binding of the silica with the polymer system, which improves the crack resistance of the 
film.29,38  
 
 
4.3.5 Thermal Properties of Experimental Heat Selective Nanocomposite Films 
 
The thermal behaviour of the experimental heat selective films was examined and 
compared to the performance of commercial greenhouse plastics. The primary source of 
heat loss occurring in greenhouses is caused by radiant heat loss in the form of long wave 
IR through the covering material from the warm interior to the cool night sky.14,35The 
opacity of the films to the transmission of IR radiation was determined by calculating the 
thermicity values. Infrared transmission measurements were taken in the long IR range, 
from 700 to 1400 cm-1, using FTIR spectroscopy. These values are reported in Table 4 - 
3. 
 
Table 4 - 3: Thermicity values of 100µm heat selective films. 
Sample Thermicity (%) 
Thermax 32.4 ± 0.1 
EVA 47.0 ± 0.4 
SA 1% 40.5 ± 1.4 
SA 5% 31.8 ± 0.1 
SA 10% 19.4 ± 0.4 
 
With increased loading of SA granules, the thermicity of the experimental films can be 
seen to decrease, improving their efficiency at blocking infrared radiation to prevent heat 
loss. These lower thermicity values will result in a warmer interior greenhouse 
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atmosphere without the addition of further heat input.14 A 100µm experimental film 
loaded with 5% SA granules is on par with the thermal performance of the 150µm 
commercial greenhouse film Thermax, thus effectively producing a ‘thermic’ film.14 
Thermicity is dependent on both the material composition and thickness of the sample.37  
To account for the difference in film thickness, the thermicity of EVA films of varying 
thickness loaded with 5% SA granules were measured, as seen in Figure 4 - 15.  
 
 
Figure 4 - 15: Thermicity values of heat selective films containing 5% SA granules 
at varying film thickness. 
 
A thermicity value of 20% was estimated using extrapolation for an experimental heat 
selective film of 150 µm, outperforming the commercial thermal film. 
  
In addition to radiation, heat loss from greenhouses also occurs in the form of conduction. 
The thermal conductivity of a material is defined by its ability to conduct heat, with lower 
values indicating better insulators. 33 The thermal conductivity of the polymer films was 
determined by a transient measurement of the temperature profile in the system.34 These 
values are reported in Table 4 - 4.  
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Table 4 - 4: Thermal conductivity values of 100µm heat selective films. 
Sample Thermal Conductivity (mW/m-K) 
Thermax 190.0 ± 15.0 
EVA 127.0 ± 6.0 
SA 1% 127.0 ± 5.0 
SA 5% 102.0 ± 32.0 
SA 10% 112.0 ± 23.0 
 
The thermal conductivity value obtained using this method for the pure EVA acetate film 
is in good agreement with those reported in the literature.26 The addition of silica aerogels 
can be seen to slightly improve upon this value, however not to the degree expected by 
the addition of a material with thermal conductivity as low as 12 mW/m-K.52 
Furthermore, increasing the SA content cannot effectively be seen to lower the thermal 
conductivity of the films. This is thought to be a result of the liquid polymer infiltrating 
the pores of the aerogels. The open and interconnecting nanopores are responsible for the 
ultra low thermal conductivity, so when this occurs the insulating properties are 
compromised. 16,50 It is believed possible to control this infiltration phenomenon by 
controlling time and temperature of the melt-mixing process through trial and error, 
which in turn is process and material dependent. For maximum thermal performance it is 
believed that the SA could better be applied as an insulative coating. This could be done 
by spin coating an aqueous-based solution onto the surface of a plastic substrate.78  
 
 
4.3.6 Optical Properties of Experimental Heat Selective Nanocomposite Films 
 
A common problem occurring with existing commercial thermic greenhouse plastics is 
that the thermal fillers that provide the improved insulating properties also tend to inhibit 
the transmission of visible light through the film.15 The optical properties of the 
experimental heat selective films were measured using UV-Vis spectroscopy and 
compared to commercial high light transmission and thermal greenhouse films. Figure 4 - 
16 shows the transmission of visible light in the 400 -700 nm range of experimental heat 
selective films of varying filler concentration in comparison to commercial greenhouse 
plastics. 
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Figure 4 - 16: Visible light transmission of 100µm heat selective films in comparison 
to 150µm commercial greenhouse films. 
 
It can be seen that increasing the SA concentration does not have a significant effect on 
the resulting light transmission through the film. This is due to the transparent nature of 
the SA granules.16,52 As a result, the experimental films can be seen to outperform both 
the Thermax and Super commercial greenhouse plastics. The optical properties calculated 
from the UV-Vis spectroscopy data are provided in Table 4 - 5. 
 
Table 4 - 5: Optical properties of heat selective films. 
Sample UV Transmission Visible Transmittance Haze 
Super 22.9 ± 0.1 89.1 ± 0.1 20.6 ± 0.5 
Thermax 27.2 ± 0.2 87.6 ± 0.9 12.9 ± 0.4 
EVA 26.8 ± 0.2 90.0 ± 0.0 36.3 ± 0.5 
SA 1% 95.7 ± 0.4 89.1 ± 0.1 28.4 ± 0.3 
SA 5% 94.9 ± 0.2 89.3 ± 0.3 28.5 ± 0.7 
SA 10% 92.8 ± 0.6 88.7 ± 0.0 28.3 ± 0.6 
 
The inclusion of particles and fillers in polymer films has typically been shown to 
increase haze values.31 However, in this case the addition of SA granules to the EVA 
films can be seen to reduce the haze values. However, varying the concentration of SA 
loaded in the film does not further influence the haze. This is because the average pore 
size is smaller than the wavelengths of light, resulting in very low light scattering.16 Low 
haze values result in higher clarity allowing the SA to improve the infrared retention 
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without lowering the visible light transmittance. The addition of SA further improves the 
optical properties of the films by providing better UV absorption. 
 
 
4.4 Conclusions 
 
Experimental heat selective nanocomposite films were developed using a mini-
compounder, Universal Film Maker, and Carver hydraulic press. The highly insulating, 
silica aerogel granules added to the EVA were found to improve the infrared retention of 
the films above the performance of commercial thermic plastics. Although the 
experimental films had lower thermal conductivity than the thermal commercial films, 
increasing the SA concentration did not further improve this value as a result of the 
polymer infiltrating the pores of the aerogel. The addition of the filler material did not 
compromise the visible light transmission of the films and resulted in improved 
absorbance in the UV region, thus successfully creating a thermal greenhouse plastic with 
good optical performance. 
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CHAPTER 5: ARTIFICIAL WEATHERING OF COMMERCIAL 
AND EXPERIMENTAL GREENHOUSE FILMS 
 
 
 
Abstract 
 
Greenhouse films are continuously exposed to degrading environmental factors such as 
high solar radiation, temperature fluctuations, and moisture. Over time this can affect the 
appearance, performance, and effective lifespan of the film.7,88 It is important that the 
tailored properties of greenhouse plastics be able to withstand these forces for the 
effective life span of the film. In this work, commercial greenhouse films and novel 
synthesized experimental light and heat selective films with enhanced optical and thermal 
properties were artificially aged in an accelerated weathering chamber to examine the 
effects of exposure to sunlight, heat, rain, and dew on the optical, thermal, and material 
properties of the films. The degradation effects were characterized using FTIR, UV-Vis 
spectroscopy, and DSC analysis. The effect of weathering on the mechanical properties 
of the films was examined through tensile testing. The experimental films were found to 
experience less severe chemical and physical aging as a result of material composition, 
increased film thickness, and UV stabilizing additives. The QDs incorporated in the 
experimental films provided some protection from oxidation, however all of the 
experimental films reached the end of their effective life span between 25 and 250 hours 
of exposure.  
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5.1 Introduction 
 
Constant exposure to environmental factors such as moisture, temperature fluctuations, 
and solar radiation leads to aging and degradation of greenhouse films.7,88 This affects the 
appearance (colour), strength and ultimately the performance of the film, lowering the 
effective lifespan.7,88 Although the use of UV stabilizers helps to slow the degradation of 
greenhouse plastics, the effect of these additives is diminished with continuous exposure 
to UV light.12 Condensation on the film can act as a lens concentrating the solar light 
intensity increasing the degree of damage. Although anti-condensation agents added to 
the film prevent this phenomenon, they too become less effective over time. 13,88  
 
Aging of these films is primarily experienced as a result of oxidation, influenced by 
exposure to high levels of light, heat and humidity.14,28 Other factors that affect the 
weathering behaviour of plastic films are the spectral properties and the effects of the 
quantity and type of chemical additives and fillers present in the sample, such as the UV 
energy absorbed by the plastic.14 Photo-degradation occurs through the absorption of 
photons, particularity those in the UV range, that activate certain bonds or groups within 
a molecule. 89  This occurs through oxidation processes occurring in the film that change 
the primary structure of the polymer through chain-scission or crosslinking.89  
 
The exposure of greenhouse plastics to accelerated aging can be done in a specially 
designed apparatus, commonly referred to as a weathering chamber, that allows for the 
artificial simulation of naturally occurring weathering conditions.7,90 It’s important to 
note that no accepted correlation between natural and artificial exposure currently 
exists.89 This is largely due to the fact that degradation under real field conditions 
depends on the seasonal weather conditions, the crop being cultivated, the agrochemicals 
used, as well as many other factors that are not taken into account in artificial 
weathering.89 Despite this fact, accelerated weathering provides a good indication of how 
the materials will behave with exposure to specific conditions.89  
 
Artificial weathering chambers provide accelerated test conditions that allow for the 
 120 
characterization of degradation effects over the lifetime of the film. This is done by 
reproducing the effects of damage caused from exposure that would occur over several 
months or years in hours or weeks.90 Xenon light sources give good reproduction of the 
full spectrum of natural sunlight.14 Chambers equipped with these lamps have the ability 
to produce a spectral power distribution approximately equivalent to direct outdoor noon 
summer sunlight,90 as shown in Figure 5 - 1. 
 
 
Figure 5 - 1: Spectrum comparison between a xenon lamp with a daylight filter and 
natural sunlight. Adapted from90 
 
The most common irradiance settings used in typical weathering experiments are 0.35 
W/m2 (comparable to winter sunlight), 0.55 W/m2 (comparable to summer sunlight), and 
0.68 W/m2, which is the irradiance at the solar maximum.90 A comparison of the spectra 
for these irradiances can be seen in Figure 5 - 2. 
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Figure 5 - 2: Spectrum comparison of varying solar irradiance settings. Adapted 
from90 
 
In this work commercial and experimental light and heat selective greenhouse plastics 
were artificially aged in an accelerated weathering chamber to examine the effects of 
exposure to sunlight, heat, rain, and dew on the optical, thermal, and material properties 
of the films. 
 
 
5.2 Experimental Section 
 
5.2.1 Materials  
 
The following samples of commercial poly(ethylene-vinyl acetate) greenhouse films 
were provided by AT Films for artificial weathering. 
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Table 5 - 1: Commercial film samples.8-10 
Distributer Manufacturer Name Class Material Thickness (μm) 
Lifespan 
(Years) 
AT Films Dura-Film® 
Super4 Direct Light EVA 150 4 
Solar Ice Light Diffusing EVA 150 4 
Thermax Thermal EVA 150 4 
 
The following previously prepared and characterized experimental light and heat 
selective films were used for artificial weathering. 
 
Table 5 - 2: Experimental nanocomposite films. 
Experimental Film 
Type 
Thickness 
(μm) 
Binding 
Material 
Nanoparticle Composition 
(wt%) 
Light Selective 100 Ateva® 1075 0.1% CdS QDs 100 Ateva® 1075 0.1% CdS-ZnS QDs 
Heat Selective 100 Ateva® 1075 5% SA 
Hybrid 100 Ateva® 1075 0.001% CdS-ZnS QDs, 5% SA 
 
100μm pure polyethylene (PE 220) and ethylene vinyl acetate co-polymer (Ateva®1075) 
films were artificially weathered to provide a control for comparison.  
 
 
5.2.2 Artificial Weathering of Commercial Greenhouse Plastics 
 
For the artificial weathering experiments, a Q-SUN Xe-1 Xenon Arc chamber, shown in Figure	  5	  -­‐	  3, was used to simulate damage caused from exposure to sunlight, heat, and 
rain. In these experiments, a daylight filter was used to produce a SPD approximately 
equivalent to direct outdoor noon summer sunlight. A 340 nm irradiance UV sensor and 
an irradiance level of 0.55 W/m2 was used, which is comparable to full summer sunlight. 
The Q-Sun simulated the effects of outdoor moisture and rain using water spray of high 
purity de-ionized water. The temperature within the chamber was set to 65oC and 
controlled using a black panel temperature sensor located on the sample tray.  
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Figure 5 - 3: Q-Sun Xe-1 artificial accelerated weather chamber experimental set-
up. Adapted from90 
 
The three classes of commercial greenhouse plastics provided by AT films were 
artificially weathered on a continuous cycle of 1 hour 42 minutes of light followed by 18 
minutes of simultaneous light and water spray for a duration of 250, 500 and 1000 hours. 
In order to compensate for variability in irradiance and temperature across the specimen 
tray, the samples were repositioned periodically to ensure they spent equal time in 
different areas of the specimen plane. For example, during the first 100 hours of the test, 
the samples were rotated clockwise two positions each day to ensure they spent equal 
time in different areas of the specimen plane. As the test time increased to 1000 hours the 
sample rotations were reduced to once a week. Figure 5 - 4 shows the sample tray set-up 
before and after one rotation. 
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Figure 5 - 4: Q-SUN sample tray before and after one rotation. Adapted from90 
 
 
5.2.3 Artificial Weathering of Experimental Nanocomposite Greenhouse Plastics 
 
The experimental polymer nanocomposite films were aged using the same test conditions 
for the duration of 25, 100, and 250 hours. Samples of pure EVA and PE were also 
artificially weathered to provide a control for comparison. 
 
 
5.2.4 Characterization Methods 
 
The integrating sphere compartment of the Shimadzu UV-3600 UV-VIS-NIR 
spectrophotometer was used to monitor the changes in UV absorption, visible 
transmission, and haze values of the commercial and experimental films. 
 
A Nicolet 6700 FTIR spectrometer equipped with a smart ITR diamond horizontal 
attenuated total reflectance (ATR) accessory was used to observe the formation of 
carbonyl groups as a function of exposure time. Absorbance spectra were measured in the 
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range of 400-4000 cm-1 using 32 scans at 4 cm-1 resolution for each sample. 
 
The standard FTIR compartment was used to observe changes in the infrared efficiency 
of the commercial and experimental films as a result of weathering. Measurements were 
taken in transmission mode in the long infrared range from 700 to 1400 cm-1, operating at 
32 scans with a resolution of 4 cm-1. The collected data was used to calculate thermicity 
values based on equation (2-16), with numerical integration performed using MATLAB 
(see appendix 1). 
 
The DSC Q 200 was used to observe the change in thermal behaviour of the aged 
commercial greenhouse films. The change in heat flow of each sample (approx. 10 mg in 
a perforated Tzero Low-Mass Pan with lid) was monitored as the sample was heated at a 
controlled rate of 10oC/min from 0 to 300oC under nitrogen conditions. Melting 
temperatures were calculated using TA Universal Analysis 2000 software. 
 
Tensile testing was done using an INSTRON 5943. Tests were done using a sample 
width of 5 mm with an initial gauge length of 5 mm. Sample thickness depended on the 
material being tested. All mechanical properties were calculated from the tensile data 
using the Instron Bluehill 2 program software. 
 
 
5.3 Results and Discussion 
 
5.3.1 Optical Properties of Artificially Weather Commercial Greenhouse Plastics 
 
The three classes of commercial greenhouse plastics provided by AT films were 
artificially aged in accelerating weathering chamber. The chemical and physical aging 
behaviour of the films was monitored through changes in optical, physical and 
mechanical properties using a variety of analytical methods.14, 89  
 
Photo-degradation occurs in the film through the absorption of photons from exposure to 
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UV radiation.89 In commercial films UV stabilizers are used to compete for the 
absorption of UV radiation by the polymer, preventing the occurrence of photo-
degradation in the film.12,89 However, the effectiveness of these stabilizers decreases with 
exposure. After their depletion the films are no longer photo protected. Furthermore, 
these processes can be accelerated by exposure to high temperatures.89 The effects of the 
aging on the optical properties of the commercial greenhouse plastics was observed using 
UV-Vis spectroscopy. The transmission spectra of unaged commercial greenhouse 
plastics in comparison to samples exposed to 250, 500, and 1000 hours of artificial xenon 
weathering are shown in Figure 5 - 5. The unaged samples show very low transmission in 
the UV range indicating the presence of UV absorbing additives. The peak observed at 
approximately 305 nm in each sample is characteristic of the hydroxybenzophenone 
group in the UV absorbers added to the commercial films.7 
 
 
Figure 5 - 5: UV-Vis transmission spectra of new and artificially weathered 
commercial greenhouse films. 
 
A significant decrease in UV absorption can be observed in the first 250 hours of aging 
for the light diffusing film Solar Ice. This value continues to decrease as the UV-absorber 
is depleted.7 After 1000 hours of exposure the film still provides some UV protection, 
although significantly decreased. The high light transmission film Super shows less 
reduction in the first 250 hours, however after 1000 hours it experiences similar end 
results to Solar Ice. Thermax, the thermal greenhouse plastic, shows much less reduction 
of UV absorption with aging, continuing to provide excellent UV protection after 1000 
hours of exposure. This is likely due to the thermal stabilizers, such as silicates, added to 
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the film to improve energy retention in the infrared range. These materials enhance UV 
absorption and do not degrade.12,14 In all three classes of commercial greenhouse films 
the characteristic peak at 305 nm belonging to the UV absorbing additives can still be 
detected indicating it did not completely break down in any sample up to 1000 hours. 
These values, along with other optical properties of the commercial films calculated from 
the UV-Vis data are reported in Table 5 - 3. 
 
Table 5 - 3: Optical properties of artificially weathered commercial films. 
Sample Aging Time  (hrs) 
UV Transmittance  
(%) 
Visible Transmittance  
(%) 
Haze  
(%) 
Solar Ice 
 
0 22.9  ± 0.1 83.3 ± 0.2 79.8 ± 0.6 
250 41.4  ± 1.4 83.9 ± 1.7 74.6 ± 2.0 
500 46.5  ± 2.9 82.7 ± 1.0 77.8 ± 1.0 
1000 63.6 ± 1.8 83. 4 ± 0.1 78.6 ± 0.5 
Super  
 
0 27.2  ± 0.1 89.1 ± 0.1 28.3 ± 1.0 
250 32.7  ± 0.8 88.7 ± 0.1 25.3 ± 1.8 
500 49.3  ± 2.4 87.9 ± 0.5 24.9 ± 0.3 
1000 62.0  ± 3.1 86.2 ± 1.2 28.1 ± 2.0 
Thermax 
0 26.8  ± 0.2 87.6 ± 0.9 12.9 ± 0.4 
250 29.8  ± 1.1 88.6 ± 0.1 14.6 ± 0.8 
500 29.8  ± 0.4 88.1 ± 0.1 14.4 ± 0.8 
1000 33.5  ± 1.1 85.8 ± 0.3 18.6 ± 1.6 
 
Direct and diffused light entering the greenhouse is affected by condensation, dust, and 
aging of the material.31 In this case the aged films did not exhibit any significant changes 
in direct and diffuse light transmittance.89 The slight variations observed can be attributed 
to dust and residue formed on the films over time. 
 
 
5.3.2 Material Properties of Artificially Weathered Commercial Greenhouse Plastics 
 
As the UV stabilizers gradually lose their ability to protect the film, as shown in Figure 5 
- 6, they allow some photons to be absorbed by the plastic. This initiates the photo-
oxidation process in the film which can change the primary structure of the polymer 
through chain-scission and crosslinking.88,89 For every radical created during this process 
several carbonyl groups are generated.89 IR analysis was done in ATR mode to observe 
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the formation of carbonyl groups and other degradation products as a result of exposure 
to accelerated weathering conditions.7,14 FTIR absorbance spectra of unaged Thermax 
commercial greenhouse plastic in comparison to samples aged for 250, 500 and 1000 
hours can be seen in Figure 5 - 6. The unaged sample shows typical characteristic peaks 
at 2916, 2848, 1463, 1370, and 730 cm-1 caused by the vibrations of the CH2 and CH3 
groups, and at 1740, 1238, and 1020 cm-1 related to the carbon oxygen double and single 
bonds, respectively.7,60 
 
 
 
Figure 5 - 6: FTIR ATR absorbance spectra of Thermax artificially weathered 
commercial greenhouse film showing the onset of carbonyl formation. 
 
After aging, slight changes can be observed through the formation of additional peaks 
and an increase in absorption intensity at peaks that relate to degradation products.7,14 
These changes are seen to increase gradually with increasing exposure time, indicating 
slow progression of photo-degradation in the sample. Photo-degradation occurs first on 
the outer layer of the film, which is in direct contact with atmospheric oxygen. The free 
radicals that are produced during this process further react with oxygen leading to an 
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increase in the degradation of the plastic. Photo-degradation is also affected by the films 
thickness, as it can only occur on the inner layers of the film up to the depth that oxygen 
can diffuse.89 The detection of only slight changes indicates that the stabilizers are still 
effectively protecting the films for up to 1000 hours. Some of the observable changes 
include the addition of broad bands between 3100 and 3600 cm-1, which can be attributed 
to the formation of hydroxyl groups of alcohols, peroxides and hydroperoxides. The peak 
near 1740 cm-1 is a good candidate for the observation of carbonyl formation in EVA. 
Growth at the absorption shoulder at 1715 cm-1, as well as the peak appearing at 1175 
cm-1, are characteristic of the carbonyl C=O stretching found in newly formed ketones. 
On the other side of the absorption band around 1740 cm-1, the detected increase in 
absorption can be attributed to lactone formation.28  
 
The observed rate of carbonyl growth confirms oxidative reactions are occurring in the 
films, increasing with exposure time.88 This indicates a change in the structural properties 
of the polymers which could result in a loss of mechanical properties.7,14 The influence of 
weathering on the mechanical properties of the commercial greenhouse plastics were 
examined through tensile testing, as shown in Figure 5 - 7.  
 
The unaged commercial greenhouse films can be seen to exhibit ductile behaviour with 
high flexibility.7 Elongation at break is an important mechanical criterion examined when 
studying aging behaviour in greenhouse plastics.28, 89 Changes occurring in this property 
depend directly on the amorphous phase of the polymer and correlate well with observed 
chemical changes, such as the formation of carbonyl groups as oxidation products 
resulting from photo-degradation.28 
 
The first 250 hours of artificial weathering does not have a significant effect on the 
mechanical properties of the commercial films. After this point, the values for Solar Ice 
begin to decrease gradually. Super continues relatively constant up to 500 hours, however 
shows similar end results to Solar Ice after 1000 hours of exposure. The mechanical 
performance of Thermax can be seen to decrease slightly, though remaining fairly stable 
for up to 1000 hours of aging. 
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Figure 5 - 7: Stress-strain and force-displacemnet plots of artificially weathered 150 
µm a) Solar ice, b) Super, and c) Thermax commercial greenhouse films 
 
These findings highlight the effectiveness of the protection provided by the UV stabilizer, 
mimicking the depletion of the additives observed from UV-Vis spectroscopy.14 The 
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values for the mechanical properties were calculated from the tensile data and are 
reported in Table 5 - 4. 
 
Table 5 - 4: Tensile properties of artificially weathered commercial films. 
Sample Aging Time (hrs) Fmax (N) σb (MPa) εb (mm/mm) sb (mm) 
Solar Ice 
 
0 22.1  ± 0.5 29.5 ± 0.6 39.4 ± 0.01 196.8 ± 0.4 
250 21.2  ± 1.0 28.3 ± 1.3 37.7 ± 1.3 188.7 ± 6.6 
500 18.7  ± 0.5 25.0 ± 0.6 35.8 ± 1.4 179.0 ± 6.9 
1000 16.4  ± 0.8 21.8 ± 1.1 32.7 ± 1.8 163.5 ± 8.9 
Super 
 
0 30.7  ± 1.5 40.9 ± 2.0 43.3 ± 1.6 216.3 ± 7.9 
250 30.4  ± 2.6 40.6 ± 3.5 39.8 ± 2.7 199.0 ±13.4 
500 30.3  ± 0.8 40.5 ± 1.0 41.8 ± 1.8 198.8 ±13.0 
1000 18.1  ± 0.8 24.2 ± 1.0 28.2 ± 1.4 141.2 ± 6.9 
Thermax 
0 16.5  ± 0.6 29.4 ± 1.1 22.3 ± 0.5 118.3 ± 1.0 
250 17.3  ± 0.2 30.2 ± 1.4 23.0 ± 0.2 150.9 ± 6.9 
500 16.7  ± 0.8 29.1 ± 2.3 22.3 ± 1.0 145.4 ± 11.3 
1000 14.8  ± 0.1 25.8 ± 0.8 19.8 ± 0.2 147.2 ± 5.6 
 
The decrease in ultimate mechanical values as a function of exposure time can be 
attributed to chemical aging, mainly due to chain scission creating changes in the 
molecular mass.7,89 The useful lifetime of a greenhouse plastic is reached when its initial 
ultimate mechanical properties are reduced by 50%.7,89 None of the commercial 
greenhouse plastics reached the end of their useful lifetime when exposed to 1000 hours 
of artificial weathering.  
 
 
5.3.3 Thermal Properties of Artificially Weathered Commercial Greenhouse Plastics 
 
The thermal material behavior of the artificially aged commercial greenhouse plastics 
was analyzed using DSC to observe any changes in the melting point and heat of fusion 
as a result of weathering.7 Thermograms for unaged Solar Ice in comparison to samples 
aged for 250, 500 and 1000 hours can be seen in Figure 5 - 8. Several melting peaks can 
be observed in both the new and aged samples due to the multilayer composition of the 
films.7,28 
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Figure 5 - 8: DSC thermograms of artificially weathered Solar ice commercial 
greenhouse films obtained with a temperature ramp of 10°C/min under nitrogen. 
 
The two primary melting peaks, identified as TM1 and TM2, can be attributed to the VA 
content of the film’s EVA layer and the polyethylene layer, respectively.7 A weak 
endothermic peak at approximatly 55°C can be observed in the unaged sample, 
corresponding to a secondary, less organized crystalline phase of EVA.7,28 In the first 250 
hours of aging there is a significant increase in the secondary melting peak TMS 
temperature which gradually continues to increase to approximatly 80°C after 1000 
hours.This increase in temperature is attributed to the growth of secondary crystals at 
elevated temperatures during xenon weathering,7 with the greatest change in physical 
aging occuring in the first 250 hrs. The two primary melting peaks remain relatively 
constant with weathering.7 Solar Ice and Thermax films exhibit the same trend, as shown 
in Figure 5 - 9. 
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Figure 5 - 9: DSC Thermograms of artificially weathered Super and Thermax 
commercial films obtained with a temperature ramp of 10°C/min under nitrogen. 
 
Values for the thermal material properties of the commercial plastics as a function of 
exposure time are reported in Table 5 - 5. 
 
Table 5 - 5: Thermal material properties of artificially weathered films. 
Sample Aging Time (hrs) TMS (C°) TM1 (C°) TM2 (C°) 
Solar Ice 
 
0 57.8  ± 0.7 108.0 ± 0.5 122.8 ± 0.5 
250 74.7  ± 0.3 109.4 ± 0.4 119.7 ± 0.4 
500 75.1  ± 0.3 108.3 ± 0.2 118.4 ± 0.2 
1000 79.1  ± 0.3 110.0 ± 0.5 119.2 ± 0.3 
Super  
 
0 46.9  ± 0.3 109.9 ± 0.6 123.2 ± 0.7 
250 72.3  ± 1.4 111.9 ± 0.6 122.0 ± 0.7 
500 73.3  ± 0.4 110.6 ± 0.2 122.9 ± 0.2 
1000 76.0  ± 0.1 110.4 ± 0.1 120.8 ± 0.7 
Thermax 
0 52.6  ± 0.1 95.0 ± 0.1 117.9 ± 1.1 
250 74.3  ± 0.2 96.3 ± 1.0 118.1 ± 0.8 
500 75.2  ± 0.2 95.5 ± 0.7 118.1 ± 1.8 
1000 79.7  ± 2.1 97.4 ± 0.2 119.0 ± 1.5 
 
The ability of the films to transmit infrared radiation in the range from 700-1400 cm-1 
was measured after artificial weathering to observe the change in energy retention as a 
function of exposure time. Thermicity values calculated from this data are reported in 
Table 5 - 6. 
 
0	   50	   100	   150	   200	   250	  
He
at
	  F
lo
w
	  
Temperature	  (C)	  
Super	  
250	  hrs	  
500	  hrs	  
1000	  hrs	  
0	   50	   100	   150	   200	   250	  
Temperature	  (C)	  
Thermax	  
250	  hrs	  
500	  hrs	  
1000	  hrs	  
 134 
Table 5 - 6: Thermicity values of artificially weathered commercial films. 
Sample Aging Time (hrs) Thermicity 
Solar Ice 
 
0 14.4 ± 0.2 
250 13.7 ± 0.5 
500 14.1 ± 0.2 
1000 14.0 ± 0.1 
Super  
 
0 59.6 ± 0.2 
250 59.7 ± 0.2 
500 59.6 ± 0.3 
1000 58.9 ± 0.4 
Thermax 
0 32.4 ± 0.1 
250 30.4 ± 0.2 
500 30.6 ± 0.3 
1000 30.8 ± 0.2 
 
It can be seen that weathering does not affect the thermicity of the films, preserving their 
ability to block heat from radiating from the warm soil through the greenhouse film into 
the cool night sky.14,89 
 
 
5.3.4 Optical Properties of Artifically Weathered Experimental Nanocomposite Films 
 
The previously characterized experimental light and heat selective greenhouse films were 
artificially aged in the accelerated weathering chamber to simulate the damaging effects 
of exposure to solar radiation, heat and moisture. The chemical and physical aging 
behaviour of the films was monitored through changes in the optical, physical and 
mechanical properties using a variety of analytical methods.14,89  
 
 
The effects of the aging on the optical properties of the experimental light selective films, 
exposed for 25, 100, and 250 hours of xenon weathering were examined using UV-Vis 
spectrometry. These values in comparison to unaged samples are shown in Table 5 - 7. 
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Table 5 - 7: Optical properties of artificially weathered light selective films. 
Sample Aging Time (hrs) 
UV Transmission 
(%) 
Transmittance 
 (%) 
Haze  
(%) 
EVA 
 
0 ~ 90.0 ± 0.0 36.3 ± 0.5 
25 ~ 89.1 ± 0.0 38.8 ± 0.2 
100 ~ 89.1 ± 0.3 39.4 ± 0.0 
250 ~ 88.5 ± 0.1 40.9 ± 0.1 
CdS 
 
0 73.0 ± 0.3 87.9 ± 0.2 32.3 ± 0.3 
25 76.7 ± 0.5 88.7 ± 0.0 43.5 ± 0.9 
100 77.9 ± 1.9 88.4 ± 0.2 40.0 ± 1.6 
250 72.1 ± 0.8 85.6 ± 0.2 40.6 ± 2.0 
CdS-ZnS 
0 70.5 ± 0.4 88.2 ± 0.1 30.3 ± 0.4 
25 73.3 ± 0.3 87.5 ± 0.4 39.9 ± 0.5 
100 76.6 ± 1.7 87.4 ± 0.4 39.6 ± 2.0 
250 74.0 ± 0.1 86.2 ± 0.3 44.3 ± 1.6 
 
 
Pure EVA does not possess the ability to block the transmission of UV radiation. Unlike 
the commercial greenhouse plastics, these films do not possess UV absorbers or 
stabilizers that protect the film from degradation by competing for the absorption of UV 
light. Rather, the reduced transmission observed in the unaged light selective films is 
accredited to the absorption behaviour of the QD nanoparticles used as fillers. Over time 
the fluorescent quantum yield of the nanoparticles, measured as the ratio of light 
absorbed to light emitted, decreases as a result of photodestruction or ‘bleaching’.41,44 
Continuous exposure to the light required to excite the QD simultaneously degrades the 
particle, resulting in lower absorption and emissions over time. This process is 
heightened by exposure to high light intensity, heat, and moisture conditions.41 This can 
be seen through the increase in transmission values in the UV range as a function of 
exposure time. The decrease in transmission observed after 100 hours of aging can be 
attributed to absorbance by the chromophoric species, which are formed in EVA during 
weathering.7  
 
Through previous characterization of the light selective films, the absorption behaviour of 
the QDs was found to extend from the UV range into the blue region as a result of the 
size-dependent optical properties corresponding to the energy band gap of the 
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semiconducting crystals.64 With the decrease in light absorbed by the QDs observed in 
the UV range as a result of photobleaching, transmittance values would be expected to 
increase in the visible range as a result of less blue light being absorbed. However, 
transmittance values for the light selective films were found to remain relatively constant 
with increasing exposure time. This occurs due to the simultaneously loss of light emitted 
by the decrease in fluorescent quantum yield. This relationship is shown in Figure 5 - 10. 
 
 
Figure 5 - 10: UV-visible light transmission of a) CdS and b) CdS-ZnS artificially 
weathered light selective films. 
 
A slight improvement in the degradation behaviour experienced in the first 25 hours of 
aging can be observed between the bare CdS and the CdS-ZnS core-shell structured QDs. 
This can be attributed to the addition of the ZnS shell acting as a physical barrier between 
the optically active core protecting the absorption and emission properties from the 
negative effects of exposure to UV light and moisture.67 
 
The optical properties of the experimental heat selective films, as well as the hybrid light 
and heat selective film are recorded in Table 5 - 8. The silica aerogels used as fillers in 
the experimental heat selective films can be seen to increase the opacity in the UV region. 
The combination of aerogels and QD nanoparticles results in the lowest UV transmittance 
value of all the experimental nanocomposite greenhouse films, observed in the unaged 
hybrid film. SA do not degrade as a result of UV exposure,52 therefore, unlike the light 
selective films, the heat selective films do not experience an increase in UV light 
84	  
85	  
86	  
87	  
88	  
89	  
90	  
400	   500	   600	   700	  
Tr
an
sm
is
is
on
	  (%
)	  
Wavelength	  (nm)	  
CdS	  
25	  hrs	  
100	  hrs	  
250	  hrs	  
a)	  CdS	  
81	  
82	  
83	  
84	  
85	  
86	  
87	  
88	  
89	  
400	   500	   600	   700	  
Tr
an
sm
is
si
on
	  (%
)	  
Wavelength	  (nm)	  
CdS-­‐ZnS	  
25	  hrs	  
100	  hrs	  
250	  hrs	  
b)	  CdS-­‐ZnS	  
 137 
transmission. 
 
Table 5 - 8: Optical properties heat selective and hybrid experimental films. 
Sample Aging Time (hrs) 
UV Transmission 
(%) 
Transmittance  
(%) 
Haze  
(%) 
SA 
 
0 95.0 ± 0.2 89.4 ± 0.2 28.6 ± 0.7 
25 77.3 ± 0.2 88.3 ± 0.2 37.9 ± 0.4 
100 75.7 ± 0.7 87.8 ± 0.2 45.8 ± 2.4 
250 76.0 ± 0.4 88.2 ± 0.1 41.7 ± 0.9 
CdS-ZnS SA 
Hybrid 
0 68.5 ± 0.4 86.3 ± 0.3 31.0 ± 0.6 
25 72.6 ± 3.2 89.2 ± 0.1 39.9 ± 4.3 
100 77.2 ± 0.2 88.8 ± 0.1 39.6 ± 1.6 
250 75.9 ± 0.2 88.7 ± 0.2 39.6 ± 1.3 
 
However, the decrease in transmission caused by the chromophoric species can be seen to 
occur within the first 100 hours of exposure. This indicates that without the protection 
provided by QDs, through the competition for UV absorption, degradation occurs at a 
faster rate.7 The UV transmittance values of the hybrid films follows the trend observed 
with the light selective films. 
 
 
5.3.5 Material Properties of Artificially Weather Experimental Nanocomposite Films 
 
IR analysis was done in ATR mode to observe the formation of degradation products as a 
result of exposure to accelerated weathering conditions.7,14 FTIR absorbance spectra of an 
unaged EVA film in comparison to samples aged for 25, 100 and 250 hours can be seen 
in Figure 5 - 11. 
 
The unaged spectrum shows characteristic EVA peaks at 2916, 2848, 1463, 1370 and 730 
cm-1 caused by the vibrations of the CH2 and CH3 groups and at 1740, 1238 and 1020 cm-
1 corresponding to carbon oxygen double and single bonds, respectively.7,60 Several 
additional peaks can be identified in the spectra of the weathered films. 
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Figure 5 - 11: FTIR ATR absorbance spectra of artificially weathered EVA films 
displaying increasing carbonyl formation with increasing exposure time. 
 
The broad bands formed between 3100 and 3600 cm-1, and between 1200 and 1050 cm-1, 
can be assigned to hydroxyl groups of alcohols, peroxides and hydroperoxides.21 In the 
region between 1600 and 1800 cm-1 additional peaks can be seen to develop, attributed to 
the formation of lactones, aliphatic esters and saturated and unsaturated acid groups. 
Peaks appearing at 1641 cm-1 (C=C stretch), 960 cm-1 (trans vinylidene group) and 3010 
cm-1 (=CH stretch) are related to the formation of double bonds.21 The peaks related to 
degradation products develop continuously, indicating the progress of photo degradation 
from the surface to the bulk of the material.88 Similar results can be seen in the light 
selective films shown in Figure 5 - 12. 
 
The formation of carbonyl groups as a result of photo-oxidation can be seen to occur at a 
much faster rate, and to a much greater extent than for the commercial greenhouse 
plastics. This is largely due to the lack of UV absorbers and light stabilizers to protect the 
films.14 However, no significant improvements were observed in the carbonyl formation 
of the light selective films, which had the initial benefit of moderate UV protection by the 
absorbing behaviour of the QDs. A slight improvement can be seen in the core-shell 
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structured QDs for up to 100 hours of exposure as a result of prolonged protection from 
slower degradation of the nanoparticles from the addition of the ZnS shell.67  
 
 
 
 
Figure 5 - 12: FTIR ATR absorbance spectra of artificially aged light selective films 
displaying increasing carbonyl formation with increased exposure time. 
 
The EVA content effects the photo-oxidation of polymer blends, with the degradation 
tendency increasing with increasing VA content.28  This results from the VAc units more 
readily absorbing UV radiation, leading to the formation of free radicals.28 A secondary 
cause for the accelerated aging behaviour observed in the experimental films could be 
attributed to the fact that the commercial films are multi-layer containing polyethylene, 
which could slow degradation. Furthermore the experimental films are thinner allowing 
for easier diffusion of oxygen leading to increased oxidation reactions in the film. 
 
The observed carbonyl growth indicates a change in the structural properties of the 
polymers, which affects the mechanical properties of the film.7,14 These effects were 
examined through tensile testing. Figure 5 - 13 shows the tensile performance of pure 
EVA films with increasing exposure time.  
 
A gradual decrease in the mechanical properties, mimicking the gradual increase in 
carbonyl group formation, can be observed. For semi-crystalline polymers, such as EVA, 
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oxidation occurs only in the amorphous regions leading to material embrittlement.7 
According to the 50% rule, EVA has reached its useful lifespan between 25 and 100 
hours. However, materials with an elongation at break less than 100% have little practical 
use.28 
 
 
Figure 5 - 13: Stress-strain and force-displacement plots of artificially weathered 
100µm EVA Films. 
 
The mechanical behaviour of the artificially weathered experimental light selective films 
can be seen in Figure 5 - 14. For these films a decrease in deformation at break, a shift of 
the maximum force to lower displacements, a steeper initial slope, and inconsistencies in 
the behavioural changes at maximum force and breaking points after weathering are 
observed.7 
 
In contrast to the pure EVA films, which gradually show the effects of weathering, the 
CdS films show a rapid decrease in strain and elongation at break values after exposure 
of only 25 hours. However, the core- shell QD nanocompsite films show improved 
resistance to weathering due a decrease in the progression of photo-oxidation as a result 
of increased protection afforded by the ZnS shell.  
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Figure 5 - 14: Stress-strain and force-displacement plots of 100µm a) CdS and b) 
CdS-ZnS artificially weathered light selective experimental films. 
 
The mechanical behaviour of the artificially weathered experimental heat selective and 
light and heat selective hybrid films can be seen in Figure 5 - 15. Like the light selective 
films, a decrease in deformation at break, a shift of the maximum force to lower 
displacements, a steeper initial slope, and inconsistencies in the behavioural changes at 
maximum force and breaking points after weathering are observed.7 
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Figure 5 - 15: Stress-strain and force-displacement plots of 100µm a) heat selective 
and b) hybrid artificially weathered experimental films. 
 
The heat selective films show more gradual degradation of tensile behaviour than the 
light selective films as a result of improved binding between the SA granules and the 
polymer, then that of the QDs. The hybrid films show intermediate degradation behaviour 
between the two types of experimental films. The mechanical properties, calculated from 
tensile data, for all experimental films are recorded in Table 5 - 9. 
 
Values and behaviours varied significantly in their reproducibility for the experimental 
films at each weathering stage in comparison to commercial films. One reason for these 
strong inconsistencies is that failure always occurs at defects.7 As shown in the SEM-
EDX, TEM and confocal images of the previously characterized experimental films 
particle dispersion is non-homogenous, and large agglomerations vary in number and size 
from one film to the next. 
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Table 5 - 9: Tensile properties of artificially weathered experimental films. 
Sample Aging Time (hrs) Fmax (N) σb (MPa) εb (mm/mm) sb (mm) 
EVA 
 
0 6.1  ± 0.2 13.5 ± 0.6 18.4 ± 0.6 92.7 ± 2.7 
25 5.2  ± 0.2 11.6 ± 0.3 13.9 ± 0.4 69.4 ± 2.1 
100 3.0  ± 0.3 7.5 ± 0.6 6.3 ± 1.1 31.4 ± 5.6 
250 2.6  ± 0.0 9.1 ± 0.4 1.5 ± 0.4 7.4 ± 1.4 
CdS 
 
0 4.1  ± 0.2 2.4 ± 0.8 11.5 ± 0.7 58.7 ± 3.8 
25 1.1  ± 0.4 3.7 ± 0.2 1.8 ± 0.1 9.1 ± 0.56 
100 1.7  ± 0.1 6.6 ± 0.4 2.1 ± 0.1 10.2 ± 0.3 
250 3.0  ± 0.2 24.2 ± 1.0 0.3 ± 0.0 1.7 ± 0.1 
CdS-ZnS 
0 4.4  ± 0.1 9.7 ± 0.3 11.0 ± 0.2 55.7 ± 1.4 
25 1.3 ± 0.2 3.0 ± 0.5 6.3 ± 1.1 18.2 ± 5.7 
100 1.6 ± 0.4 3.5 ± 0.8 3.3 ± 0.6 16.4 ± 3.1 
250 3.1 ± 0.1 6.9 ± 0.8 0.4 ± 0.2 1.7 ± 0.8 
SA 
 
0 3.0 ± 0.1 6.8 ± 0.2 2.1 ± 0.2 12.1 ± 1.9 
25 1.8 ± 0.1 3.4 ± 0.6 3.0 ± 0.1 15.0 ± 0.6 
100 2.3 ± 0.2 5.3 ± 0.4 2.1 ± 0.2 10.4 ± 1.1 
250 2.8 ± 0.1 6.2 ± 0.1 0.4 ± 0.1 2.0 ± 0.4 
CdS-ZnS 
SA 
Hybrid 
25 2.8 ± 0.0 6.2 ± 0.1 4.3 ± 0.5 21.6 ± 2.4 
100 2.7 ± 0.1 5.9 ± 0.2 3.7 ± 0.8 18.2 ± 3.8 
250 3.9 ± 0.0 8.4 ± 0.2 0.6 ± 0.2 2.9 ± 0.3 
 
 
5.3.6 Thermal Properties of Artificially Weathered Experimental Nanocomposite Films 
  
The ability of the heat selective experimental films to transmit infrared radiation in the 
range from 700-1400 cm-1 was measured after artificial weathering to observe the change 
in energy retention as a function of exposure time. Thermicity values calculated from this 
data are reported in Table 5 - 10. 
 
From these values it can be seen that thermicity remains relatively constant with 
increasing exposure time. This means the experimental films preserve their ability to 
block heat loss in the form of long wavelength infrared radiation.14,89 Slight variations 
observed may be the result of dust and residue formation on the surface of the film over 
time, or the varying concentration of dispersed SA particles observed in the previously 
characterized films 
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Table 5 - 10: Thermicity values of artificially weathered heat selective films. 
Film Sample Aging Time (hrs) Thermicity 
EVA 
 
0 47.0 ± 0.4 
25 47.2 ± 0.5 
100 45.9 ± 0.9 
250 43.1 ± 0.8 
SA 
 
0 31.8 ± 0.1 
25 32.7 ± 0.1 
100 31.0 ± 0.2 
250 33.2 ± 1.0 
CdS-ZnS SA Hybrid 
0 24.1 ± 0.4 
25 24.1 ± 0.5 
100 22.8 ± 1.1 
250 20.8 ± 0.9 
 
 
 
5.4 Conclusions 
 
Commercial and experimental nanocomposite greenhouse plastics experienced the aging 
effects of exposure to solar radiation, heat, and moisture in an artificial accelerated 
weathering chamber. The commercial films experienced less severe chemical and 
physical aging as a result of material composition, increased film thickness, and UV 
stabilizing additives. The QDs incorporated in the light selective experimental films were 
shown to provide some initial protection from oxidation by providing competition for the 
absorption of UV radiation prior to photo-bleaching. The ZnS shell in the core-shell 
structured light selective films provided improved protection by providing a physical 
barrier between the QD core and the environmental elements, reducing the rate of photo-
bleaching. The bare QD films reach the end of their effective life span during the first 25 
hours of aging, both films containing core-shell structured QDs show more gradual 
effects of aging, reaching the end of their life between 25 and 100 hours. The heat 
selective films showed the slowest progression of aging behaviour, experiencing the end 
of their effective life span between 100 and 250 hours of exposure.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
 
 
6.1 Conclusions 
 
QD semiconducting nanocrystals with size-dependent properties were successfully 
synthesized using a single-molecular precursor method. QDs formed at higher 
temperatures for longer reaction times displayed darker, more orange coloration, an 
increase in particle size, red shifts in the absorption and emission spectra, and a smaller 
energy band gap than those synthesized following the same procedure with the exception 
of a decreased temperature and shorter reaction time. The addition of the ZnS shell in the 
core-structured QDs was shown to successfully improve the PL intensity of the emission 
spectrum by negating surface defects.  
 
EVA with 9% VA content was found to be an excellent candidate for binding the 
nanostructured particles in the composite films, displaying relevant optical, thermal and 
mechanical properties on par with commercial greenhouse plastics. 
 
 Functionalizing the QDs through a ligand exchange reaction with MPTMO was found to 
be an essential step for the formation of the light selective nanocomposite films, although 
it caused a red shift and reduced emissions of both bare and core-shell QDs due to the 
number of purification steps used during the process.  
 
The experimental light selective films displayed improved optical properties, showing a 
decrease of light transmission in the UV range and an increase in the visible region. 
However the emission intensity was limited due to the effects of the LE reaction and the 
selected binding method, creating a need for further experimentation with improved 
techniques. 
 
Experimental heat selective nanocomposite films were developed using a mini-
compounder, Universal Film Maker, and Carver hydraulic press. The highly insulating, 
silica aerogel granules added to the EVA were found to improve the infrared retention of 
 146 
the films above the performance of commercial thermic plastics. Although the 
experimental films had lower thermal conductivity than the thermal commercial films, 
increasing the SA concentration did not further improve this value as a result of the 
polymer infiltrating the pores of the aerogel. The addition of the filler material did not 
compromise the visible light transmission of the films and resulted in improved 
absorbance in the UV region, thus successfully creating a thermal greenhouse plastic with 
good optical performance. 
 
 
Commercial and experimental nanocomposite greenhouse plastics experienced the aging 
effects of exposure to solar radiation, heat, and moisture in an artificial accelerated 
weathering chamber. The experimental films experienced less severe chemical and 
physical aging as a result of material composition, increased film thickness, and UV 
stabilizing additives. The QDs incorporated in the light selective experimental films were 
shown to provide some initial protection from oxidation by providing competition for the 
absorption of UV radiation prior to photo-bleaching. The ZnS shell in the core-shell 
structured light selective films provided improved protection by providing a physical 
barrier between the QD core and the environmental elements, reducing the rate of photo-
bleaching. The bare QD films reach the end of their effective life span during the first 25 
hours of aging, both films containing core-shell structured QDs show more gradual 
effects of aging, reaching the end of their life between 25 and 100 hours. The heat 
selective films showed the slowest progression of aging behaviour, experiencing the end 
of their effective life span between 100 and 250 hours of exposure.  
 
 
6.2 Recommendations  
 
Functionalizing the surface of the QDs with MPTMO through a ligand exchange reaction 
was found to be an essential step for improving the compatibility of the nanocrystals with 
the polymer. However, the drawbacks associated with this step were detrimental to the 
performance of the light selective films. It has been shown by others that binding 
capabilities of the nanoparticles can be improved using alternate organic ligands, and that 
the purification process used to wash the QDs after the ligand exchange reaction can be 
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optimized to reduce the loss of ligands. Therefore, experimenting with various organic 
ligands and augmenting the purification process would allow for the improvement of the 
surface functionality of the QDs without decreasing their optical performance. 
 
The mechanical properties of the experimental nanocomposite films were compromised 
due to poor binding between the surface of the nanostructured particles and the polymer 
material, as well as the presence of large agglomerations within the films. These issues 
resulted primarily from the physical binding method used for film synthesis. Research 
shows that improvements to the mechanical behavior of the films could be achieved 
using an alternate method approach, such as the use of liquid systems and chemical 
binding.  
 
The physical binding method used for film synthesis also resulted in a loss of optical 
performance in the light selective films due to a thick polymer layer coating the QDs, and 
thermal performance in the heat selective films as a result of polymer infiltrating the 
pores of the aerogel. A solution to both these problems is the development of 
multilayered hybrid light and heat selective films through spin coating. The use of 
multilayers allows for all desired film properties to be optimized. A substrate of chosen 
thickness, composed of EVA with ideal VA content, or layers of EVA and PE, can be 
used. Through spin coating, a layer of QDs dispersed in a polymer solution can be spun 
onto the interior of the experimental film. This will improve the distribution of the QDs 
and allow the thickness of the polymer layer to be controlled as a function of spin speed. 
To prevent the infiltration of the aerogel pores for maximum thermal performance SA 
could better be applied as an insulative coating on the exterior of the film by spin coating 
an aqueous-based solution containing a linker, such as vinyltrimethoxysilane, onto the 
surface of a plastic substrate.  
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APPENDIX 
 
 
Appendix 1 
 
A1.1 Matlab Code Used for Numerical Integration in Thermicity Calculations 
 
clear all; 
clc; 
d = dir('*'); % read in directory file names 
i=1; % set counter at 1 
 
for k=5:length(d)-2 % first 4 files are directory related 
    % last 2 are this file and backup...   
     
fname=d(k).name; % read in current file name 
%disp(fname); 
M=load(fname); % load current file 
 
 
Lambda100 = linspace(700,1400,1000); 
Intensity100 = 100*ones(size(Lambda100)); 
RefIntegrand = trapz(Lambda100,Intensity100); % calculate reference integrand 
 
Lambda = M(:,1); 
Intensity = M(:,2); 
 
Low_Locations = find(Lambda>=700); % find where 700 nm wavelength is  
High_Locations = find(Lambda>=1400); % find where 1400 nm wavelength is 
 
LowBound = Low_Locations(1); % set bounds so that 700 to 1400 nm integrated 
HighBound = High_Locations(1)-1; 
 
Lambda700to1400 = Lambda(LowBound:HighBound); % 700-1400nm wavelength 
Intensity700to1400 = Intensity(LowBound:HighBound);  % intensities at 700-1400nm 
 
Integrand = trapz(Lambda,Intensity); % integrand 
 
Thermicity(i) = Integrand/RefIntegrand; % thermicity calc. 
 
i=i+1; 
end 
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